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Foreword 



This is a very exciting time for working in optical networks. The deployment 
of WDM systems continues at an accelerated pace thanks to the low cost and 
high reliability of optical components. This primarily refers to optical 
amplifiers, fixed/tunable filters followed and recently true optical cross- 
connects. The demand for capacity, driven by the Internet explosion, is 
higher than ever with no signs of saturation. The emergence of data-centric 
networking calls for networks with fewer and more robust layers, enhanced 
control and an integrated management platform. Networks with fewer 
optical elements are sought. We witness the co-existence of a multitude of 
transport mechanisms (SDH, IP, ATM) together with a diversification in the 
offered services with widely varying QoS requirements. At the same time, 
components and subsystems for very high speed optical networks are 
maturing opening up a new dimension and offering even more design 
options. 

After Vienna (1997), Rome (1998) and Paris (1999), the Fourth Working 
Conference on Optical Network Design and Modeling was held in Athens, 
Greece February 7*-8*, 2000. The aim was to present the most recent 
progress in terms of network architectures, design, operation and 
maintenance, and planning. The book you have in your hands covers the 
topics raised in this Working Conference. We sincerely hope the reader 
would not only find this book informing but also stimulating in generating 
new ideas. 



Alexandros Stavdas 

Department of Electrical and Computer Engineering 
National Technical University of Athens 
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Abstract: Considering the telecommunication traffic boom, one can wonder if routing nodes 
will provide the corresponding switching capacity. Introducing Multi-Granularity Optical 
Networks concept, this paper gives a cost-effective solution. First, a MG-OXC architecture is 
proposed, then the “natural” distribution of the traffic among the granularities is presented. 
Finally, a Multi-Granularity planning process is described. Based on the most advantageous 
feature of optical technologies, the proposed approach solves the switching matrix size 
limitation. 



1. INTRODUCTION 

Nowadays, we are witnessing a new telecommunication traffic boom, for 
which very high transmission and switching capacities are required. Tbit/s 
transmission capacity can be achieved thanks to optical fibres. The number 
of transmitted wavelengths in one fibre which has recently been 
demonstrated in research laboratories exceeds 100 wavelengths per fibre and 
even more for terrestrial transmission (for example 150x10 Gbit/s over 400 
km, see [1]) and even for submarine transmission (for example 100x10.7 
Gbit/s, see [2]). Some suppliers announce commercial systems with 80, 160 
and even 256 wavelengths per fibre. In optical networks, the optical cross- 
connects (OXC) will have many fibres, each one carrying many 
wavelengths. The switching of such a high capacity raises severe scalability 
issues for OXC design. 
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In this paper, we first describe a Multi-Granularity Optical Cross- 
Connect (MG-OXC) solution to switch all this high-capacity traffic. This 
solution is based on wavelength, band and fibre switching and squeezes the 
most out of optical technologies. Then we study what can be the distribution 
of the traffic between wavelength switching, band switching and fibre 
switching on the basis of a typical meshed network. Finally, a planning 
methodology is described: it optimises the grooming to avoid too much 
multihopping between the different granularities through the optical 
backbone network, which decreases the required number of optical ports and 
the OXC switching matrix size, and thus the cost of the OXC-based network. 



2. MULTI-GRANULARITY OPTICAL CROSS- 

CONNECT 

2.1 Required capacity for wavelength-switching cross- 
connect 

For very high capacity backbone networks (may be up to Pbit/s for future 
networks), with large number of fibres with over 100 wavelengths carried by 
each fibres, the optical cross-connects (OXC) will have many input/output 
fibre ports, each one carrying many wavelengths. An OXC may have for 
example 100 input fibres with 160 wavelengths each, each wavelength 
carrying 10 Gbit/s data. The total throughput to be switched by such a node 
is 160 Tbit/s. The total number of input wavelengths is N= 16000. If one 
wants to switch all the wavelengths individually, the require space-switching 
matrix is 16000x16000. A mono-block switch with this size is not 
achievable because of the high number of cross-connection points: 256.10^ 
(N^). A Clos architecture may be used, but this requires a first stage with 180 
“90x180” switches, a second stage with 180 “180x180” switches and a third 
stage with 180 “180x90” switches. The total number of cross-connection 
points (4NV2N for Clos architecture) is still high: about 12.10^. Space-switch 
matrices with such high number of cross-connection points cannot be 
envisaged because of the high number of required components and because 
of the complexity of the electrical control of such a matrix. 

2.2 Solutions to decrease the port number 

To be able to switch all this traffic (160 Tbit/s), one should group this 
traffic to higher granularity to decrease the number N of switched entities. 
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2.2.1 To increase the capacity of each wavelength 

One first solution is to carry higher bit-rate on each wavelength like in 
SONET/SDH networks: the granularity can go from OC-3/STM-1 
(155 Mbit/s) to OC-12/STM-4 (622 Mbit/s), OC-48/STM-16 (2.5 Gbit/s) and 
OC-192/STM-64 (10 Gbit/s) today. Transmission of 40 wavelengths with 
40Gbit/s (future OC-768/STM-256) carried by each wavelength has already 
been achieved ([3]). To increase the wavelength bit-rate impacts the 
transmission. Issues encountered are chromatic dispersion, non-linear 
effects, polarisation mode dispersion: the higher the per-wavelength bit-rate 
is, the more detrimental these transmission effects are. Moreover simple 
transmitters and receivers at such high bit-rate are not yet available. 

2.2.2 To group the wavelengths 

Another solution is to keep the 10 Gbit/s bit-rate for each wavelength, 
and to group the wavelengths to bands to switch them together. For our 
example one band can be composed of 16 wavelengths, each fibre carrying 
10 bands. The total number of bands to switch is then N=1000 and the total 
throughput of the OXC is still 160 Tbit/s. 

The required switching matrix is then 1000x1000. A mono-block switch 
with this size may be achievable (see [4] for 576x576 matrix), the number of 
cross-connection points is 10^ (N^). A Clos architecture can be used and 
requires a first stage with 45 “23x45” switches, a second stage with 45 
“45x45” switches and a third stage with 45 “45x23” switches. The total 
number of cross-connection points (4NV2N) is quite low: about 220.10^. 
Optical space-switching matrices with such a number of cross-connection 
points have already been envisaged [5]. 

2.3 Multi-Granularity OXC architecture 

With a lot of fibres at each OXC, the band granularity may sometimes be 
too small, and the switching may be done at the fibre level. More generally, 
one may want to switch a part of the total traffic at the fibre level, another 
part at the band level and a last part at the wavelength level. What we need 
in this case is a Multi-Granularity Optical Cross-Connect (MG-OXC). The 
figure 1 shows a possible architecture for such a MG-OXC. 
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To Clients From Clients 

Drop F Drop B Drop X Add X Add B Add F 




Figure 1. Multi-Granularity Optical Cross-Connect (MG-OXC) 

The optical signals are first switched at the fibre level, in the Fibre Cross- 
Connect (FXC): some fibres are directly added/dropped towards the clients 
(they may be demultiplexed to wavelengths for clients, but the 
demultiplexers are not represented on the figure), others are directly 
switched to output fibres, few ones are added/dropped to the band level. 
These add (resp. drop) fibre ports of the FXC are connected to the output 
(resp. input) band ports of the Band-Cross-Connect (BXC) through band-to- 
fibre multiplexers (resp. fibre-to-band demultiplexers). Some input bands of 
the BXC are directly added/dropped towards the clients, others bands are 
directly switched to output ports of the BXC, and few ones are 
added/dropped to the wavelength level. These add (resp. drop) band ports of 
the BXC are connected to the output (resp. input) wavelength ports of the 
Wavelength-Cross-Connect (WXC) through wavelength-to-band 
multiplexers (resp. band-to-wavelength demultiplexers). Some input 
wavelengths of the WXC are added/dropped towards the clients, others 
wavelengths are switched to output ports of the WXC. 

On the figure, we did not represent optical amplification which will be 
needed inside the OXC and at the input and output fibres. 3-R regeneration 
may also be required at the input and/or output fibres. Wavelength (resp. 
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band) conversion will also be needed at the output ports of the WXC (resp. 
BXC) but they have not been represented to simplify the drawing. 

The figure 2 gives an example of what could be the distribution of the 
traffic in the MG-OXC, for 160 Tbit/s external throughput (100 input/output 
fibres, with 10 bands per fibre, 16 wavelengths per band, 10 Gbit/s data on 
each wavelength). We also have add/drop traffic (add/drop ports): 10 fibres 
(16 Tbit/s), 30 bands (4.8 Tbit/s) and 80 wavelengths (0.8 Tbit/s). The total 
throughput to be switched by the node is thus 181.6 Tbit/s. We will see later 
that the aggregate capacity of the switching matrices is higher because of 
internally generated traffic for grooming purpose. 



2 16 Tbit/s 21.6 Tbit/s 

Add F Add B Add A, Drop A. Drop B Drop F 




Figure 2. Example of traffic distribution in the MG-OXC 

Among the 100 input fibres (we don’t take into account the 10+20=30 
add fibre ports of the FXC), 70 are cross-connected to the output fibres at the 
FXC level, 10 are directly dropped and 20 are dropped to the BXC input 
ports. The 10 add fibre-ports and the 20 fibres coming from the outputs of 
the BXC are cross-connected to the 30 remaining output fibres of the FXC. 
The 20 fibres dropped to the BXC represent 200 bands, among which 140 
are cross-connected to the output ports of the BXC (grooming, to rearrange 
the bands inside some fibres), 30 are directly dropped and 30 are droppecf to 
the WXC. These 30 bands correspond to 480 wavelengths, among which 400 
are cross-connected to the output ports of the WXC (grooming at the 
wavelength level) and 80 are directly dropped. The 60 add ports of the BXC 
(30 add band-ports and the 30 bands coming from the output ports of the 
WXC) are cross-connected to the 60 remaining output ports of the BXC, and 
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the 80 add wavelength-ports are cross-connected to the 80 remaining output 
ports of the WXC. 

For this example, this will require a 130x130 space-switch matrix for the 
FXC (208 Tbit/s), a 260x260 space-switch matrix for the BXC (41.6 Tbit/s) 
and a 560x560 matrix for the WXC (5.6 Tbit/s). The aggregate capacity is 
about 255 Tbit/s, which is higher than the total throughput to be switched by 
the node (181.6 Tbit/s). This is due to the fact that for the presented 
architecture, the same signals are switched at different granularities, and 
some may go through one stage twice for grooming purpose. The total 
number of cross-connection points is only about 400.10^ even without Clos 
architecture. With Clos architecture for each space switch, this number is 
then only about 110.10^. With such a MG-OXC architecture, the complexity 
of the space-switch matrix is decreased by a factor of about 100 compared to 
an only wavelength switching matrix for the whole traffic, and we have still 
some flexibility to switch a part of the traffic at the wavelength level. 

2.4 Required technologies 

To implement this MG-OXC, some key technologies are required : 
space-switching, multiplexing/demultiplexing, wavelength or band 
translation and in-node amplification. 

First, we need a technology to switch the wavelength (WXC), a 
technology to switch the band (BXC) and a technology to switch the fibres 
(FXC). One may envisage electronic switching matrix for wavelength 
switching (WXC), with opto-electronic interfaces. A lot of optical 
technologies are also available to do the wavelength-switching ([4-6] for 
several wavelength switching technologies). For the band (BXC) and fibre 
(FXC) switching, electronic cannot do it, only optical technologies can. 
Moreover, the same technology can switch wavelengths, bands and fibres, 
provided that the optical bandwidth is large enough to switch all the 
wavelengths (typically 1500nm~1620nm, or even 1300nm~1620nm). This 
ability to switch everything from a single wavelength to a whole fibre 
multiplex is interesting on the up-gradability point of view : the same matrix 
technology firstly switches wavelengths when the traffic through the OXC is 
low (~1 Tbit/s), it can switch bands when the traffic begins to increase (~10 
Tbit/s), and it will be able to switch fibres later when the traffic becomes 
very high (~100 Tbit/s). Some possible technologies are the Micro- 
ElectroMechanical System technology (MEMS, see for example [5]), system 
based on index-matching injection (see for example [6]) or bulk 
optomechanical ffee-space switches (see [4] for instance). 

At the BXC and WXC input/output, some (de)multiplexing devices are 
required. Wavelength (de)multiplexers are now current WDM devices. Some 
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devices can (de)multiplex up to 100 wavelengths [7]. Their design can be 
adapted to the demultiplexing of bands of several wavelengths. 

Wavelength converters are already existing devices. They can be opto- 
electronic devices (photodiode-receiver cascaded with classical transmitter 
working at the new wavelength) or all optical converters [8]. Band 
converters can be simply made with a demultiplexer cascaded with n (n=16 
in our example) parallel wavelength converters followed by a multiplexer. 

In-node optical amplification may use the same technology as the 
amplification for transmission, with some simplifications to have low-cost 
amplifiers because requirements may be relaxed inside the node. 



3. “NATURAL” DISTRIBUTION OF THE TRAFFIC 
IN THE MG-OXC 

3.1 From mono-block node to sub-nodes stack 

On a network point of view, the 3 granularities are “naturally” detected, 
demonstrating their usefulness. Although the planning is only based on the 
wavelength granularity, we can observe that, in each OXC, a large amount of 
traffic can be processed at the band and fibre levels, as if it was a “natural” 
behaviour. 

To quantify this, there is first to obtain an initial planning and second to 
detect, in each node, which part of the traffic can be processed in which sub- 
node. The network is planned without specification on the nodes. The traffic 
routing is based on a Shortest Path in distance algorithm. The resources 
allocation is done at the wavelength level. The wavelength assignment 
process keeps as far as possible the same wavelength along each path, so that 
the wavelength translations are minimised. Then, starting from this simple 
initial network planning, it is possible to focus on the nodes. Looking at each 
resulting switching matrix and, without changing anything to the routing and 
resources allocation, each node is divided in a stack of sub-nodes (figure 3). 
The traffic distribution among the sub-nodes results from the detection of 
traffic correlation in the node, correlation in term of band or fibre. For 
example, wavelengths with the same input and output fibres, without any 
wavelength translation, are detected as composing a fibre port of the FXC. 

It has to be noticed that no preparation of the traffic to favour high 
granularities is done. To favour fibres or bands of wavelengths, a first 
solution could be to use a dedicated wavelength allocation process filling up 
first fibres, second bands before considering the wavelength level. A second 
solution could be to prepare the traffic starting from the routing, as described 
in section 4. 
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Two kinds of traffic are differentiated: the internal traffic and the 
external traffic. The internal traffic corresponds to the traffic between the 
sub-nodes while the external traffic is the traffic coming from / going to the 
node’s neighbours or to the clients. This internal traffic increases the size of 
the sub-nodes and represents the flexibility of the global node. For example, 
the architecture figure 1 is more flexible than the architecture figure 3. 
Figure 3, all the fibres go through the FXC, thus, it is possible to select the 
fibres going to the other sub-nodes. The architecture figure 3 is based on 
dedicated fibres directly connected to the right sub-node: this is less flexible 
but also less port consuming. 



To Clients 



From Clients 




demux 
F — > Xj 



\outputs 



mptiis 



Space-switch 



demux 
B — 



mux 
X — 



wxc 



inputs 






Space-switch 



demux 



mux 



A = wavelength 
B = k-bund 
F = fibre 
Input fibres 



Output fibres 



Space-switch 



Figure 3. Sub-nodes piling up 

3.2 Traffic distribution evaluation 

To evaluate the amount of traffic processed by a sub-node, two 
parameters are identified: the number of ports and the capacity. The number 
of ports allows to compare the size of each sub-node. But, for example, a 
fibre port carries 32 wavelengths while a band port carries 8 wavelengths 
and a wavelength port only one. A port does not represent the same capacity. 
Considering the capacity means comparing the number of equivalent 
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wavelengths switched by the sub-nodes. It allows to compare the amount of 
traffic treated in each sub-node. The difference is illustrated in the figure 4. 

The capacity parameter has been chosen to study the part of traffic which 
could be switched at a granularity other than wavelength. More precisely, the 
traffic distribution is evaluated in capacity percentage, percentage calculated 
from an average on all the nodes of the network. 




100% (10 ports) 100% (93 X) 



Figure 4. Comparison ports and capacity percentages 



3.3 Traffic distribution results 

The study has been done on the European optical network model 
COST239 [9] composed of 19 nodes (figure 5). The traffic matrix is 
complete, uniform or non-uniform according to the studied situation. A 32 
wavelengths multiplex has been considered. 




Figure 5. COST239 network 

The following curves (figure 6) represent the percentage of capacity 
switched in the FXC, BXC and WXC for several traffic matrix 
multiplications (from one to 64) in several situations (uniform / non uniform 
traffic, with / without protection, 8/4 bands per fiber). 
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Figure 6. Percentage of capacity switched in the sub-nodes 

For example, when the traffic demand is equal to 24 times the initial non 
uniform traffic matrix, without protection and 8 bands per fibre, the average 
distribution of the traffic in the sub-nodes is: 48% in FXC, 42% in BXC and 
10% in WXC. 

First visible result: 100% FXC, 0% BXC, 0% WXC when the traffic 
demand corresponds to 32 times the initial traffic matrix. This result is not 
surprising, and even expected. There are 32 wavelengths per fibre and each 
traffic demand between 2 nodes is a multiple of 32, in other words, the 
traffic demand between each pair of nodes corresponds to a demand in 
fibres. 

Second visible result: when the traffic matrix is multiplied by Nx4 
(respectively Nx8) and with a number of wavelengths per band equal to 4 
(respectively 8), we expect to obtain only BXC because the traffic 
corresponds to a demand in band. It is easy to understand that FXC are 
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obtained when several bands have the same direction. But what about the 
WXC? 40% to 15% of the capacity is still switched in the WXC. The main 
cause is the wavelength-granularity based planning process: the wavelength 
allocation process does not impose the same wavelength conversion, neither 
in the same node nor with the same wavelength shifting, to connections with 
the same source and destination. Thus, one wavelength conversion can occur 
in a band leading to the de-multiplexing in the WXC sub-node. In other 
words, the results obtained here are lower than what we could obtain for 
the FXC and BXC and can be improved with an adapted planning 
process taking into account the fibre and band granularities. 

Third visible result: the shape of the curves are similar for all the 
situations. They are following almost the same behaviour, with the same 
peaks and troughs. We can also observe a kind of pattern on a range 
corresponding to the number of wavelengths per fibre with a low slope 
(around +0.3 for FXC, -0.1 for BXC and WXC). We can conclude that the 
traffic (uniform / non uniform, protection / no protection) and the band size 
have only an impact on the offset of the curve. This offset corresponds to a 
gap in the multiplication coefficient of the traffic matrix. 

Fourth visible result: in this network, with 32 wavelengths per fibre, the 
average distribution of the capacity is rapidly under 40% and mainly 15% in 
the WXC (and can be reduced), more than 20% and mainly 40% in FXC 
and 45% in BXC. To go near to the distribution presented with the figure 2 
(around 3% WXC, 16% BXC, 81% FXC), there is to shift around 80% of the 
capacity to a bigger granularity (WXC to BXC, BXC to FXC) and /or to 
have a huge amount of traffic. Both hypotheses are realistic. 

Now, changing the number of wavelengths per fibre (64 and 128 
wavelengths), the following curves are obtained (figure 7). The situation is 
without protection, non uniform traffic. Apart from some peaks or troughs, 
mainly due to a traffic demand corresponding to a demand of fibres as 
explained in the first visible result, the distribution is in line with the 
previous curves mainly for the FXC- 

The BXC offset observed for the situations “128 wl - 16 bands” and “64 
wl - 8 bands” comes from the small size of the bands compared to the size 
of the multiplex. More traffic is required to fill up the complete multiplex, so 
more traffic is remaining in the BXC. In the same way, the WXC offset 
observed for the situations “128 wl - 4 bands” and “64 wl - 4 bands” comes 
from the big size of the bands (16 and 32 wavelengths). More traffic is 
required to fill up the bands, so more traffic is remaining in the WXC. Small 
bands look interesting, but it means more band ports than with big bands, 
obviously. 
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Figure 7. increase of the multiplex size 

The behaviour of the capacity distribution in the sub-nodes is stable, 
only the offset of the distribution is changing according to the amount of 
traffic and the multiplex composition (number of wavelengths / bands). With 
an adapted planning process, we expect to improve the results. Today, for 
the COST239 network, without preparation of the traffic to obtain bands and 
fibres, and without considering additional capacity for flexibility, we obtain 
on average 15% WXC, 45% BXC, 40% FXC. For tomorrow, the goal is to 
decrease the amount of traffic processed in WXC by favouring FXC and 
BXC as described in the following section. 



4. PLANNING PROCESS ASPECTS 

4.1 A new framework for optical network planning 

The proposed scheme is based on the opportunity to switch various 
granularities in the optical domain. It represents a new step for the WDM 
deployment trends, overtaking previous visions [10-12]. The principle driver 
for the emergence of new WDM technologies is still derived from the 
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increasing demand in terms of capacity. Before use of future combination 
with high-capacity packet switching (optical or not), the Multi-Granularities 
optical scheme remains a circuit-oriented approach with additional layers 
available. Therefore our goal is to define an exhaustive planning 
methodology where the whole range of circuit-granularity could be used at 
the right place with the right size. The evolution of optical node size and 
functionality has to face the evolution of demand, mainly in terms of amount 
of traffic. Our objective is to propose a flexible solution for the necessary 
migration of transport networks. While combining the very high capacity 
available in the optical domain and the flexibility given by the integration of 
Multi-granularity layers, we intend to squeeze the most out of optical 
technology. Many steps in this new approach have generic aspects, but in the 
following we focus on a dedicated planning method starting from an existing 
SDH/SONET layer which is at the present time the first potential client for a 
Multi-Granularity core optical layer. 

4.2 A dedicated process is required 

In the previous sections, we have shown that technological hardware 
solutions exist and can be available in short terms. Moreover, the analysis of 
planning according to typical topology and traffic evolution demonstrates 
that the architecture proposed is quite relevant for future transport network 
services. The concrete deployment of Multi-Granularity nodes within large 
optical core networks requires some associated planning methods in addition 
to the already well-known complexity of design [13]. 

A planning methodology is a complex problem including a lot of 
parameters, constraints and objectives. The introduction of new layers 
corresponding to new optical granularities has to be taken into consideration 
with care, otherwise the gain expected could be negligible. To be cost 
effective, an appropriate method has to be defined and has to reduce some 
unenthusiastic impacts of multihopping. The problem addressed here is the 
redundancy of resources in several layers that process the same traffic. From 
the switching point of view, it is cost-effective to switch in the same time 
numerous small-granularity connections multiplexed in a same high- 
granularity entity. In spite of this theoretical advantage, a bad multiplexing 
strategy may imply to de-multiplex a high-granularity connection in order to 
switch only few lower-granularity connections at another level. In this case, 
too many equipment are needed to process the same traffic. 

The multihopping problem has an impact on the planning method but also 
on the migration strategy. If the network growth is only seen from a 
transmission point of view, an upgraded link is installed (e.g. WDM) 
according to the increase of traffic with an equivalent switching capacity at 
the source and sink nodes. In this situation, if the implementation of 
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resources, switching this capacity, is done at a lower granularity level (e.g. 
large SDH nodes or wavelength cross-connect,...) then the introduction of 
high granularity optical layers would handle most of the capacity, making 
the previous resources redundant and useless. 

Finally, if we want to optimize the benefits from the introduction of new 
granularities in the transport network, we have to define a dedicated process 
focused on multiplexing issues. 

4.3 Main Objectives, Principles and Overall Process 
Description 

Our main objective is to define a methodology for a cost effective 
planning, taking into account the new granularities within the optical layer. 
We want to propose relevant solutions facing the demand of large amount of 
traffic but also flexibility and upgradability considerations. 

The central problem is to multiplex small-granularity connections in 
higher level connections. Hence more traffic is switched at each node using 
less resources and allowing to reduce the node size. From the planning point 
of view, we have to define an efficient way to arrange the distribution of 
connections on the topology in order to manage the correlation between 
connections. 

As mentioned before, our process is starting from an existing 
SDH/SONET layer. In a first step a partitioning is done which gives the 
localization of WDM nodes and associated areas. The intermediate objective 
is to aggregate enough traffic coming from the SDH/SONET layer and to 
minimize the number of WDM nodes needed for the transport network. 
Although, as a result, the partitioning create some interdependence between 
connections starting from the same area and ending in another area. In this 
step the whole WDM topology is identified (nodes, links) and the traffic 
demand is established for the optical layer. The next step is to route the 
connections inside both layers, electrical and optical. At that time, the 
multiplexing operations begin with the TDM grooming. The goal in this step 
is to group together connections that have similar destiny in the network. In 
fact we try to generate wavelength connection with as less as possible 
demultiplexing that imply a switching at the electrical layer. 

In the same way we try to find the best arrangement of wavelengths in 
the network to groom wavelengths into bands with the least band-to- 
wavelength demultiplexing. The last multiplexing operation, still based on 
the same logical rules, is to groom the bands into fibers. Finally a phase of 
resource assignment is needed to have the complete network planning. 

The process is as flexible as possible flexible, with the possibility to 
modify the inputs and functionality at each step. For instance when a cost 
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function is used, it could be replaced by real inputs or another cost function 
for a specific case. 

4.4 Process description 

4.4.1 Partitioning & Backbone topology definition 

The partitioning problem is a traffic-based problem associated with topology 
and cost constraints. In order to decide if an initial SDH/SONET node 
should become a WDM node, first we have to evaluate the traffic that will 
go through this potential future WDM-node. 

This traffic can be divided into 3 types: 

• ADD/DROP at the node 

• ADD/DROP at nodes belonging to potential areas around the node. 

It means that the node will catch the traffic of the area if it becomes a 
WDM-node. 

• Transit traffic at the node. According to the node localization in the 
topology and the routing algorithm, the node will see more or less transit 
traffic. The amount of transit traffic has a major impact on the node size 
and has to participate in the decision whether or not the node should 
become a WDM-node. 





3. Transit Traffic 
through ccnler of area 



Potential Traffic Flows seen by a no<le 



2. ADD/DROP ne-rouled 
through center of area 



I . ADD/DROP at 
;cnler of area 



Figure 8. Potential traffic aggregation 
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The final decision of area creation has to be cost-based. It is a difficult 
problem because we have to compare the merits of different possible areas 
according to criteria which are future consequence of the global partitioning. 
This cost comparison is mainly based on the ratio of multiplexing factor 
between the two layers, but takes into account the increase of the path 
length. Hence we can evaluate an approximate gain for each potential area 
and decide the localization of the WDM nodes. 

The gain function is first an evaluation of the number of ports needed to 
transport the connections starting from an area with or without the optical 
layer. Then the cost ratio between SDH/SONET and WDM ports and the 
cost ratio between transmission and switching are used to balance the 
approximate number of ports and in the end to determine the best area. An 
rigorously exact value for the gain is not needed, because the evaluation is 
only used to compare relative gain among the possible areas. 

4.4.2 Routing 

When both network topologies -electrical and optical layers- are known, 
it remains to route the connections in the two layers. The routing can be 
divided into, three parts: starting SDH/SONET area, WDM backbone, 
ending SDH/SONET area. Those routings are quite independent, allowing 
some optimization in each part but the planner has to be careful not to break 
the strong correlation created between connections in the area-to-area part. 

4.4.3 TDM Grooming 

The composition of wavelength connections depends on the 
SDH/SONET switching capabilities. It means that a major part of the TDM 
grooming is done in the SDH/SONET domain . Hence the efficiency of 
TDM grooming in the WDM part is limited by the capacity of 
demultiplexing and re-arranging granularities with enough fineness at the 
SDH/SONET-WDM gateway. For instance if the gateway can not manage 
SDH/SONET connections at granularities smaller than STM1/STS3, those 
connections have to be composed with smaller connections going to the 
same area-destination. Otherwise multihopping will be needed to re-arrange 
the small connections implying more resource. 

The TDM grooming process looks at each sub-path in the topology and 
aggregate SDH/SONET connections successively on the best sub-path in 
terms of number of ports saved. The same operation is done until all 
connections are groomed. The wavelength traffic matrix obtained is 
composed with a minimum of ^-connections staying in the optical layer as 
long as possible. All SDH/SONET connections are carried by a wavelength. 
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but non-indispensable multihopping is avoided. Hence the global number of 
ports (electrical + optical) is reduced. The fig. 9 represents a wavelength 
connection composed with SDH/SONET connections starting or 
demultiplexed at the first node, going through several other nodes without 
multihopping and ending or demultiplexed/remultiplexed at the last node. 




Figure 9. TDM grooming 

4.4.4 WDM Grooming 

The WDM grooming is done using the same principle as the TDM 
grooming. The process tries to avoid as much as possible the “optical” 
multihopping, that is the demultiplexing of band in wavelengths or fiber in 
bands. 

First the process allows to multiplex the wavelength into bands. For each 
sub-path the number of ports saved by multiplexing wavelength in bands is 
calculated. The best is selected with the concerned connections and the 
operation is repeated until all wavelengths belong to a band. 




Figure 10. Grooming wavelength in bands 
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Figure 11. Grooming bands in fibers 

Finally, Bands of wavelengths are groomed in fibers using a similar 
approach. Figures 10 & 1 1 represent the possible composition of a Band or 
Fiber connection and the transit along the path through others nodes without 
multihopping. 

At each level, when multiplexing in a higher granularity, it remains some 
connections that do not fill completely the higher granularity. Below a given 
filling ratio, those connections can be re-routed in order to optimize the 
resource utilization ratio. 

Finally, the outputs include the planning for each level. It gives the 
number of ports for each sub-node taking into account ports due to direct 
transit, ports due to internal add/drop between sub-nodes and ports due to 
direct add/drop. 

Protection was not discussed so far. The introduction of several layer in 
the optical domain may justify some new schemes for protection. For 
instance like any connection, a band of wavelengths can be protected. In this 
case, while the traffic is already protected, it is no longer necessary to apply 
a protection scheme for each wavelength. This can be chosen for an 
objective of simplification for the global protection scheme. Anyway the 
protection scheme applied for a given level has to be done before the 
multiplexing into the higher level. Hence the resources dedicated to 
protection are also groomed and participate to the reduction of cost. 

4.4.5 Final Resource assignment 

Almost all the planning is done after the previous steps. It remains to 
allocate the resource with the classical approaches. In consequence of the 
introduction of wavelengths-bands, some band translations may be necessary 
in the network. This problem is entirely analogue to the classical wavelength 
conversion issue. 

The gain expected from the introduction of several granularity in the 
optical layer can be improved with some dedicated algorithms integrated in 
the overall planning process. Some further analysis are expected to show that 
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more available granularities in the optical layer can participate to more 
flexibility and scalability of the network. But the first argument to the 
introduction of this technology is without doubt, the cost gain obtained by 
the reduction of the number of ports in the network. 



5. CONCLUSION 

This introduction to Multi-Granularity Optical Networks discussed the 
technical availability, the opportunity and finally a methodology relating to 
one of the most advantageous features of optical technologies. The aptitude 
to switch various granularities in a flexible and cost-effective way is 
effectively a promising perspective to build ultra-high capacity optical 
networks. 

In the first part a realistic MG-OXC architecture has been proposed with 
possible associated technologies. Then a first evaluation of switching 
requirements versus the increase of traffic showed that high-granularities are 
a possible solution facing the traffic evolution in a typical meshed network. 
Finally a dedicated planning and design process was described in order to 
optimize the benefits gained from the introduction of the concept. 

This global approach gives the ability to go beyond simple incremental 
wavelength-based optical network and designs efficiently optical networks 
facing the traffic explosion without cost explosion. 
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Abstract: The paper presents the design issues for the development of networks exploiting 
recent advances and trends in optical technology allowing large numbers of WDM channels. 
The targeted topology consists of non-hierarchical all-optical rings made up by WDM PON 
networks and suitable optical cross-connects. The resulting benefits in terms of node 
consolidation, and increased capacity are analysed for a MANAVAN network employing 
transmission and routing in the spectral window 1450-1650 nm and covering both residential 
and business customers. A single multiplexer/demultiplexer for the entire spectral range is 
presented and its system performance is calculated. 



1. INTRODUCTION 

The current deployment of WDM systems mainly targets capacity 
upgrades of point-to-point links using optoelectronic regeneration on both 
ends. As part of a gradual network evolution, the concept of all-optical 
networking proliferates by force of its ability to reduce the processing 
associated with transit traffic and the possibility to perform network 
functions like protection at the optical layer. At the same time novel 
requirements for a less hierarchical network composed by fewer network 
elements are emerging in response to the never ceasing quest for reduced 
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deployment cost and increased network reliability. In particular, the ongoing 
explosion of Internet related services have stimulated the generation of 
network concepts where packets are directly interfaced to the optical layer. 
In this context, the most critical factor is the number of available wavelength 
channels that allows to simultaneously meet the demand for both capacity 
enhancements and flatter network structures. Non-hierarchical networks 
based on a large number of wavelength channels are a subject of intense 
research effort [1-2] 

Regarding the issue of capacity upgrade, currently there are two main 
approaches. In the first approach the systems are forced to operate at an 
increasingly finer channel spacing within the gain bandwidth of the EDFA. 
In the second approach, the number of wavelength channels is traded for a 
higher bit-rate per channel. In both cases the product (number of channels) x 
(bit-rate/channel) remains constant limited by the current amplifier gain 
bandwidth. Particularly in the former case the associated requirements in 
terms of wavelength stability, crosstalk, physical dimensions of the 
multiplexers/demultiplexers, non-linear effects in the fibre etc. are quite 
stringent. The inefficacy is due to the striking mismatch between the low 
attenuation spectral range centered around the 1550nm wavelength which is 
approximately 200nm, and the gain spectrum of the EDFA which is limited 
to a maximum of 35nm. Recently efforts had been made to utilise both the C 
and L bands of the Er"^ doped amplifiers [3]. Simultaneously, the renewed 
interest for Raman amplifiers as well as the prospect of using SOAs as in- 
line amplifiers [4] has opened-up the possibility to envisage transmission 
(and routing) beyond the C and L bands of the Erbium optical amplifiers. 
Under any circumstances, one of the next major developments of optical 
networks will encompass all-optical transmission and routing in the spectral 
range 1450-1650 nm towards the ultimate goal of 1280-1680 nm. 

So far, studies have been presented which tackle parts of such technology 
considerations [5-8]. The aim of this paper is to present the calculated 
performance of a wavelength multiplexer/demultiplexer (mux/demux) in the 
range 1450-1650 nm and to highlight the essentials of a network architecture 
that is based on such a large number of WDM channels. 

In section II, a generic partitioned network structure based on non- 
hierarchical rings that could radically modify the way trunk and access 
networks are perceived is illustrated. Also, a possible OXC architecture that 
provides an interface between the two network classes i.e. access and trunk 
is presented. In section III, the derivation of the performance of the 
mux/demux is presented and its system implications are identified. 

At this point estimation on the total number of wavelength channels has 
to be given. Wavelength multiplexers/demultiplexers with channel spacing 
0.2-0.5 nm have been reported [5, 9]. Assuming that this constant channel 
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spacing is feasible across the entire spectrum (section III), the number of 
wavelength channels could range between 400 and 1,000. 



2. NETWORK ISSUES 



2.1 Network structure 

Network designers can capitalise on a vast increase in the number of 
available wavelength channels to generate a less-hierarchical network layout 
with significant node consolidation and reduced processing of transit traffic. 
The cost of transmission compared to the cost of extensive tandem switching 
is continuously dropping indicating that node consolidation could be the 
means of scaling down the cost of providing broadband services to the 
customer. At the same time levels of the traffic aggregation hierarchy, 
particularly in MAN networks can be eliminated. In figure 1 such a 
partitioned network is illustrated that has as a basic building block a ring 
network. A ring network is a well-known network topology with excellent 
protection/restoration properties and is the predominant choice in most 
deployed networks. The physical extension of each ring incorporates a 
cluster of nodes. Clustering helps to localize any network fault, and it scales 
down wavelength channel requirements (via wavelength re-use in physically 
different rings). 

Of particular interest is the bidirectional dual ring (i.e. with a clockwise 
and counter-clockwise traffic flow). The ring networks shown in figure 1, 
could be either single or multiple dual fibre. The interconnection between 
the rings is achieved via suitably designed optical crossconnects (OXC) 
located on a shared node between two (or more) rings. Apart from this 
common node, additional physical connectivity is provided via direct links 
resulting in a partially meshed network that reduces the number of hops that 
needed to reach the final destination. Providing interconnection between 
MANAVAN rings allows constructing larger networks. In the following 
section the rationale in integrating a MAN with a PON-based access 
networks is presented. 
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Figure 1. [A partitioned network based on rings] 



2.2 Dimensioning of an ultra-wideband WDM PON 

The overall architecture of a single ring is presented in more detail in 
figure 2. There are 4 nodes interconnected via multiple dual rings. Each node 
is attached to a WDM PON like the one described below that form the 
access network. The traffic generated within each PON can be connected to 
the other nodes either transparently via direct access to the OXC or via an IP 
router, ATM switch or SDH crossconnect. 

The ultra-wideband WDM PON is formed by means of a WDM 
demultiplexer (downstream traffic) or multiplexer (upstream traffic) that 
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covers the spectral range 1450-1650 nm. The proposed architecture exhibits 
fundamental differences compared to the established PON structure. 

In a traditional PON which is based on power splitting, a single 
wavelength is divided in successive splitting stages in such a way that all 
ONUs receive copies of the same signal. The power splitting PON will be 
the first to be installed avoiding the cost of installing a transceiver pair for 
each customer, since the OLT is shared by all. The sharing of the bandwidth 
among hundreds of customers in a power splitting PON takes place by 
means of TDMA multi-access protocol techniques. This at the same time 
carries out traffic concentration, which is a further source of cost savings. 
The power splitters create a broadcast medium in the downstream requiring 
encryption for the support of point-to-point services. 

Very different is the traffic situation in the upstream direction. The 
transmissions from all ONUs now converge to the shared feeder fiber 
creating the need for access arbitration. Each slot contains apart from the 
payload a physical layer preamble for the burst mode operation. Since each 
transmission comes from a different transmitter and a different distance, 
several physical layer problems must be overcome. To make slots 
unambiguous to all units, the ONUs are directed to add an electronic delay 
that would bring them all at the same virtual distance. The amount of delay, 
which is inversely proportional to the ONU distance, is identified by means 
of a ranging process and then communicated to the ONU. Once a slotted 
transport medium has been created, it is the role of the Medium Access 
Control (MAC) to arbitrate the access to the slots. The slot allocation is 
based on access permits sent downstream, which identify the ONU taking 
the next slot. The MAC protocol is typically of a dynamic reservation type 
and not semi-static [10] to respond to the temporal fluctuations of traffic that 
can be quite dramatic in the broadband services. 

In contrast to power splitting, the wavelength splitting can offer much 
larger bandwidth to the final customer. In this system, a particular 
wavelength channel is always directed towards a prespecified PON branch 
passively but without power splitting. This can be achieved using an 1:M 
wavelength demultiplexer, M being the total number of wavelength 
channels. The demultiplexer connects an input wavelength to a particular 
output fibre. Assuming a minimum of 400 wavelength channels, power 
budget degradation can be avoided since whilst a 400-fold passive splitting 
would have resulted in 26 dB losses the demultiplexer losses can be stay 
below 5-7 dB maximum (section III). Therefore, a larger number of 
customers could be serviced assuming the same power budget. For the 
necessary power equalisation, band-optimised optical amplifiers can be used 
like in [3] 




26 



Alexandras Stavdas, Yannis Angelopoulos 




Figure 2. [A generic architecture for the proposed ring] 

In the downstream direction each wavelength, after the demultiplexer, is 
related to one single-wavelength PON. However, the power splitting part is 
limited and the same wavelength is terminated in a small number of optical 
network units (ONUs). A number of customers could be connected to a 
single ONU using various techniques, like xDSL, which leaves in a first 
stage the copper based home equipment intact delaying the added costs of 
optics in the home. Customers with higher bandwidth needs e.g. tele- 
workers or professionals or even small offices can be placed in a channel 
shared by fewer TDMA users and can be upgraded to fibre-to-the-home 
(FTTH). Even medium businesses can eventually be upgraded to a separate 
WDM channel instead of TDMA sharing. The additional advantage of the 
separate wavelength apart from the abundant bandwidth is also enhanced 
security and connectivity since a particular wavelength would be passively 
routed to a specific destination and the contained information would not be 
broadcast to all customers. These wavelength channels could operate at 2.5 
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Gb/s. In the upstream direction further modifications to MAC related 
hardware has to be introduced to achieve these high speeds. However, the 
necessary technology is already developed e.g. Gigabit Ethernet. 

The solution shown in figure 2 illustrates an advanced infrastructure that 
addresses simultaneously both market segments i.e. business and residential 
customers. The total number of wavelength channels (>400) is divided into 
two groups. The first subgroup of channels is destined to the residential 
customers. The other subgroup serves the high capacity business users 
(CPNs, ISPs, wireless LANs etc). The residential users are connected in the 
network in a non-transparent mode whilst transparent connections serve 
business customers. Different scenarios could be envisaged for channel 
splitting between residential and business customers depending on traffic 
patterns, population density, demand for new services etc. Here it is 
presumed that from the 400 wavelength channels per PON, 300 channels are 
allocated to residential customers and 100 channels are allocated to the high 
capacity users. 

Assuming that on average 2 Mb/s fully symmetrical bandwidth is offered 
for interactive services to each residential customer, then 1,250 customers 
can be served by this single-wavelength power-splitting PON. The overall 
access system could be seen as formed by 300 single-channel power- 
splitting PONs, one per wavelength. Consequently, it can be concluded that 
375,000 residential customers can be served from the overall access system. 
In this case, a total capacity of 750 Gb/s is allocated to residential customers 
imposing the need for node consolidation and implying that Terabit routers 
or crossconnects with a large number of ports (>300) should be 
accommodated to the central office as it is shown in fig.2. 

The business customer channels are not crossconnected via the 
SDH/ATM switch. These channels are connected in a transparent mode to 
the trunk network via the OXC. This means they have direct access to the 
OXC and, therefore, a “clear channel” is provided. The bit rate per channel 
for the business customers can be at lOGb/s or even higher. 

2.3 Dimensioning of the MAN network 

The nominal transmission rate of each channel in the trunk network 
depends on many parameters. Namely, service demand and number of 
wavelength channels available as well as on the trade-off in cost between 
adding a new wavelength channel or increasing the bit rate in order to 
achieve a given throughput. In any case, transmission at 10-40 Gb/s, or even 
at higher rates could be assumed. For the residential customers, it is expected 
that grooming and bandwidth aggregation can be provided by the Terabit IP 
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router/SDH DCC. Hence for residential customers, 75 wavelength at 10 Gb/s 
should be allocated in each node. 

These wavelengths are destined either to nodes within the ring or to 
nodes located in other rings. The multiple fibre ring gives the option to direct 
the particular traffic to the final destination either using transparent 
connections or via the adjacent “digital electronic switch” through o/e 
conversion in a multi-hop scheme. All these wavelength channels are routed 
within the network via the OXC. These channels must have a different 
nominal wavelength from the one used by business customers. Obviously, 
any wavelength channel can be present only once in a given link. Therefore 
the traffic emanating from a particular node should be transported using 
either a different subset of channels or via another fibre. In the former case, 
the total number of nodes in a dual fibre ring depends on the total number of 
wavelength channels available. Assuming, 400-1000 channels it follows that 
4-10 nodes can be placed per dual fibre. 

Now, one can estimate the total number of dual fibres needed per ring. A 
reasonable minimum is one dual fibre for residential and one for business 
customers for connections within the ring, one dual fibre for residential and 
one for business customers for connections outside the ring. Thus, a total of 
4 dual fibres would be needed. In any case, these are indicative values. In 
addition one may envisage additional fibres for heavy transit traffic; the 
number of dual fibres would range from 4 to 20 per ring. 

2.4 The proposed OXC architecture 

From the aforementioned analysis, it is emerging that an OXC 
architecture capable to crossconnect a large number of wavelength channels 
between a relatively small number of fibres is sought. In the proposed ring 
structure, the OXC is co-located with the DXC (SDH/ATM/IP router). Here 
we briefly present an architecture that is particularly suitable when there is a 
large number of wavelength channels per link [11]. 

It is named “wavelength crossconnect” (WXC) and it is illustrated in 
fig.3. N input/output fibres are assumed with M wavelength channels per 
fibre. The multiwavelength signal from each incoming fibre is amplified 
before power split N times at the input stage and directed towards a 
wavelength selector. The wavelength selector can select an arbitrary number 
of wavelengths ranging from 0 to M and it is the main building block of the 
crossconnect. Entering the selector, the wavelength channels are 
demultiplexed and each wavelength is either forwarded (on-state) or blocked 
(off-state) towards the multiplexer from a dedicated device. This device can 
be a SOA gate, a modulator or any other device that is capable of generating 
a large extinction ratio. The most promising candidate is a SOA gate since it 
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has a significant on/off ratio, it can provide gain, and it also provides fast 
reconfiguration [12]. The selected channels after multiplexing are directed 
towards a N:1 power combiner attached to an output fibre. A wavelength 
channel can be switched from any input fibre to any output fibre when the 
appropriate gate in the dedicated selector is activated. An important 
characteristic of the architecture is that only one out of N gates per 
wavelength channel destined to the same output fibre is activated at any 
time. 



Dimultiplexer Multiplexer 




Figure 3. [The OXC architecture.] 



The proposed architecture integrates space and wavelength switching. 
There are no crosspoints or crossovers between any two wavelength 
channels since wavelength switching from a given input fibre to the 
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requested output fibre is achieved with the activation of a single gating 
element (e.g. a SOA gate). The performance of the proposed architecture is 
independent on the number of the wavelength channels and the architecture 
is modular with respect to wavelength and link. The total number of gates in 
MN^, the components scale linearly with the number of wavelengths. 

There are two sources of crosstalk in the WXC architecture. The hetero- 
wavelength crosstalk due to imperfect demultiplexing between adjacent 
channels, and the homo-wavelength crosstalk due to imperfect extinction of 
the SOA gates that operate at the same nominal wavelength from the other 
N-1 input fibres. Also, the hetero-wavelength crosstalk due to imperfect 
demultiplexing can be a source of homo-wavelength crosstalk at the output 
fibre. Fortunately, since the diffraction gratings in the wavelength selector 
operate in tandem, the overall adjacent channel rejection is twice the 
rejection of a single multiplexer/demultiplexer. Thus, this crosstalk either 
seen as hetero-wavelength or homo-wavelength is significantly suppressed. 
Homo-wavelength crosstalk is well mastered due to the high on/off ratio of a 
SOA. 

Here the node cascadeability is assessed against the power penalty due to 
homowavelength crosstalk. In the current case, a small number of links (4- 
20) is envisaged. Two extreme cases are examined. A node with 4 input 
fibres (i.e. 3 sources of homo-wavelength crosstalk at the output) and a node 
with 20 fibres (19 homowavelength interferes). In both cases the power 
penalty is calculated by the statistical method used in [13]. The power 
penalty for an AC coupled receiver is defined as 






91 = -lOlog 



10 






( 1 ) 



where e is the ratio Psi/P crosstalk for a single interfere. It is assumed that all 
crosstalk sources from all nodes have the same coefficient (e) which is -50 
dB [12]. In figure 4 the power penalty is calculated as a function of nodes to 
be cascaded assuming 4 input/output fibres per node (solid line) and 20 
fibres per node (dashed line). 
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Niunlier of Nodes 



Figure 4. [Power penalty v. number of nodes for 4x4 I/O fibres (solid line) and for 20x20 I/O 

fibres (dashed line) 

One is tempted to calculate the throughput of the WXC. For a 4 I/O fibre 
WXC, 400 channels at 10 Gb/s per channel, the capacity is 16 Tb/s whilst 
for 20 I/O fibres this capacity is 80 Tb/s. In the proposed architecture to total 
number of ports is analogous to the number of wavelengths. For a large 
number of wavelength channels (M>400), the number of ports escalates to 
prohibitive numbers. One way of dealing with this problem is to consider the 
concept of wavelength bundle routing [8]. At the same time upgrading the 
bit rate of a wavelength channel for example from 2.5 Gb/s to 40 Gb/s can 
more easily be accommodated when a hierarchical switching concept is 
adopted. 

In the proposed architecture if the wavelength bundle is consists of 
wavelengths that are spectrally displayed by one grating order (e.g. m Xj, 
(m+1) X], ..., m is the grating order), then the entire bundle can be switched 
by the same gating device. In this way, the total number of ports will be 
reduced by a factor proportional to the number of wavelengths in the bundle. 
Partitioning the I/O fibres of the OXC for servicing exclusively transit and 
local traffic allows for a significant reduction in the total port count. 
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Figure 5. [The WXC architecture implemented with free-space concave holographic grating 

and a 2-D array of MEMS 

Further modifications to the WXC architecture, to tailor advancements of 
optical technology, are feasible in order to reduce cost and simplify the 
overall operation. One advantage of free space concave gratings is that 
allows taking advantage of the massive parallelism offered by free-space 
optics. It has been shown experimentally [14] that more than 20 fibres can be 
placed on a plane vertical to the plane of dispersion using free-space concave 
gratings to acquire up to 20 demultiplexers in parallel. Hence, for relatively 
low number of I/O fibres, a single device can replace the N+1 
demultiplexers illustrated in figure 3. Using the MEMS technology [15], a 
2-D array of 20x400 (or more) of “shutters” can be, eventually, 
implemented. The modified WXC architecture is illustrated in figure 5. 



3. OPTICAL TECHNOLOGY ISSUES 

A free-space concave grating has been identified as a key device in 
spectrally extended wavelength routed networks [5, 14]. As it is pointed out 
in [5, 16], the aberration corrected spectrum of these devices exceeds 100 
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nm and this additional bandwidth can be used for wavelength routed 
purposes. 

In contrast, integrated optic devices like AWGs or two dimensional 
concave gratings, have inherent limitations to cover this extended 
wavelength range since they operate at high diffraction orders which in turn 
limits the Free-Spectral-Range [9]. Despite that, WDM transmission of 
200nm based on AWGs can be achieved using a cascade of band selective 
filters. Effectively, this approach will lead to a sort of hierarchical 
multiplexing/demultiplexing something that will complicate wavelength 
routing concepts, especially the construction of a viable OXC, it will 
increase the overall cost, and it will degrade the power budget of the link. 

Here the coupling efficiency and crosstalk performance of a single free- 
space holographic concave grating listed in [5], Table I is presented. This 
concave grating has 10 nm/mm linear dispersion. It is pointed out that this 
demultiplexer has been optimised for best performance at 1550 nm. 



Table 1. [Parameters of the holographic concave grating.] 



Radius of Curvature R 


347.14368 (mm) 


Distance of source 


344.30981 (mm) 


Distance of main image rg 


350.00977 (mm) 


Angle of incidence a 


18.011561 (degrees) 


Angle of diffraction 


7.4629230 (degrees) 


Recording angle y 


44.195223 (degrees) 


Recording angle 5 


33.977113 (degrees) 


Recording wavelength Xo 


488 (nm) 


Distance of recording source C 


926.5228 (mm) 


Distance of recording source D 


740.3296 (mm) 



In Table I, accuracy up to seventh digit has been maintained to highlight 
the sensitivity of the computational method. Using these values, system 
related parameters like coupling efficiency and heterowavelength crosstalk 
can be calculated. Both coupling efficiency and crosstalk are calculated 
using the overlapping integral between the input and output single mode 
fibres [17, 18] based on the analytic expression of the wave aberration 
function as described in [5]. 

The coupling losses due to diffraction effects are calculated to be 0.8 dB. 
One should add another 1.5 dB of losses due to the diffraction efficiency of 
the grating (for a holographic grating, efficiency curves are typically 70%- 
75% for both polarisations in the spectral range of interest). In figure 6 the 
coupling losses are calculated across the wavelength range 1530-1570 nm. 
It can be observed that the losses are practically constant across the whole 
spectrum. The overall losses include losses due to residual aberrations. 
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estimated grating efficiency and diffraction effects due to the grating 
aperture. 




1535 1540 1545 1550 1555 1560 1565 1570 

wavelength (nm) 



Figure 6. [The coupling losses of the holographic grating in the band 1530-1540 nm.] 

The coupling losses across the wavelength range 1450-1650 nm are 
shown in figure 7. 




1450 1500 1550 1600 1650 

wavelength (nm) 



Figure 7. [The coupling losses of the holographic grating in the band 1450-1650 nm.] 
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Apparently immediate improvement of the coupling loss figure of 3 dB is 
achievable with a minor modification of the holographic recording scheme. 
Further design improvements are possible. The crosstalk at the immediate 
neighbors of X=1550nm is illustrated in the figure 8. The crosstalk at the first 
neighbor is -53.1 dB. 



Nominal wavelength channel, 1550 nm 




Figure 8. [The crosstalk at the neighbour channels due to the channel at 1550 nm.] 

The crosstalk at first immediate neighbours due to X=1570nm is 
illustrated in the figure 9. The exact value for the first neighbour is -52.1 dB. 
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Nominal wavelength channel^ 1570 nm 




+2 -M 4^ +8 +10 +12 

fibre neighbor 



Figure 9. [The crosstalk at the neighbor channels due to the channel at 1570 nm.] 

Remarkably, the crosstalk at the first neighbor due to X=1450nm is -47.9 
dB. The crosstalk at the first neighbors is illustrated in figure 10. A similar 
curve is obtained for X = 1650 nm. 

Nominal wavelength channel, 1450 nm 




Figure 10. [The crosstalk at the neighbor channels due to the channel at 1450 nm.] 
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It is mentioned again that this grating was optimised having in mind the 
EDFA’s gain spectrum. From the above analysis, it is concluded that the 
same concave grating is capable of multiplexing/demultiplexing wavelength 
channels that spectrally cover 200nm of bandwidth. The total capacity of this 
grating is of 400 wavelength channels. 



4. CONCLUSIONS 

The implications in network structures when considering WDM transmission 
in the band 1450-1650 nm are enormous. Extraordinary capacity 
enhancements, node consolidation, elimination of many multiplexing layers 
and broadband accessing for large sections of the population are 
simultaneously feasible. We have presented some considerations regarding 
network architectures and we have studied the feasibility of these concepts 
in terms multiplexing technology and connectivity offered by wavelength 
crossconnects (WXC). 
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Abstract: Last generation optical components jointly with WDM techniques will allow 

the realisation of a switched optical layer based on wavelength routing of 
semi-permanent paths. This paper presents a computer-aided planning tool 
intended to cover the dimensioning, routing, and wavelength assignment in 
meshed networks with WDM optical cross-connects. An efficient graph- 
colouring algorithm allows a fast wavelength assignment even for topologies 
with a large number of nodes. The performances of the planning tool are 
illustrated on a 8-nodes European optical network. 



1. INTRODUCTION 

In response to increasing pressure on transmission capacity, brought 
about by upsurge in both narrow-band and emerging broadband services, 
many carriers are considering deploying dense wavelength-division 
multiplex (WDM) systems as a means of taking advantage of the fibre 
bandwidth [1]. In addition to point-to-point line systems, new optical 
elements with networking features, such as optical add/drop multiplexers 
(OADM) and optical cross-connects (OXC) have been tested in field trials. 
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These optical components of last generation allow for the manipulation of 
wavelengths in WDM networks offering advanced features such as 
wavelength routing, switching, and conversion/interchange [2]. In this way, 
protocol-transparent optical channels can be implemented between any 
source-destination nodes. Moreover, WDM techniques offer enough spare 
capacity for protection and restoration purposes. The design of WDM 
networks, including topics such as topology optimisation, routing and 
dimensioning, wavelength assignment, protection and restoration represents 
a complex optimisation problem. 

In this context, there is a growing need for planning tools to deal with the 
main issues of optical networking in an automated manner. This paper 
describes a software application intended to address the planning of high- 
speed WDM networks. This software tool is currently under development so 
that several major planning issues (protection and restoration, transmission 
quality) will be dealt with in the near future. 



2. NETWORK MODELLING 

Nodes consist of optical cross-connects with the architecture depicted in 
Fig. 1. The number of output fibres M is the same as the number of input 
fibres. Each fibre carries L wavelengths. The optically transparent OXC is 
able to connect any wavelength from an incoming fibre to the corresponding 
wavelength of one of the outgoing fibre. It is assumed that there is no 
wavelength conversion within the OXC, so that there is no need of 
wavelength converters and the network management is simplified since only 
one wavelength is attached to an end-to-end channel. However, a blocking 
situation may occur if two channels having the same wavelength attempt to 
use the same outgoing fibre. Each OXC performs a static routing, switching 
occurring only in case a reconfiguration after a failure. 
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As shown in Fig. 2., a link I contains k fibres, each fibre supporting up to 
L wavelengths (L is constant over the network). Thus, the capacity of the 
link Z, expressed in terms of optical channels is C, =kL. 

2.1 Routing and fibre assignment 

Routing can be performed manually or automatically. A shortest path 
routing is available by running Floyd’s algorithm [3], which computes 
simultaneously the routes for all connections. Two options are available: 
minimise the connection length 
minimise the number of intermediate nodes 
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Fig. 2 Link structure 



An automated fibre assignment is done for each link in the following way: 
the first channel is assigned to the first fibre, the second channel is assigned 
to the second fibre, the k channel is assigned to the k fibre, the ^+1 channel is 
assigned to the first fibre and so on. In this way, the channels sharing the 
same link are equally distributed over the available fibres of the link. If the 
number of channels using a particular link exceeds the link capacity a 
warning message is issued to increase the number of fibres. At this stage, the 
wavelength assignment is not yet performed and even though the link 
capacity is greater than the number of channels that share it, it could be not 
sufficient to allow a global wavelength assignment solution. If, because of 
wavelength assignment restrictions, new fibres are added, the channels are 
redistributed to ensure an equal load of each fibre. 



2.2 Wavelength assignment 

The wavelength assignment is reduced to a graph colouring problem 
[4] [5]. Each end-to-end channel is represented by a vertex in a 
neighbourhood graph. Vertices are connected by an edge if and only if the 
corresponding channels share some common fibre. The wavelength 
allocation can be mapped to a graph node colouring problem, which is a 
well-known NP complete problem. The heuristic method employed in our 
software is based on the Tabu search technique called TABUCOL [6]. Tabu 
search is a global search technique that moves step by step towards the 
minimum value of a function, which is in our case the number of neighbours 
(vertices connected by an edge) having the same colour. A tabu list of 
forbidden movements is updated during the iterations to avoid cycling and 
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being trapped in local minima. In [6] it is shown that for graph colouring, 
TABUCOL is significantly superior to the simulated annealing. 

The performance of the wavelength allocation technique was estimated 
on the network architecture shown in Fig. 3. 




Fig. 3 Spider web test architecture 



Assuming for simplicity only one fibre per link and one channel between 
each node pair, it turned out that the number of wavelengths per fibre L 
depends linearly on the number of node (see Fig. 4). However, as it is shown 
in Fig. 5, the number of iterations necessary to get a colouring solution 
grows exponentially. 




Fig. 4 Minimum number of wavelengths versus the number of nodes 
for the web network architecture 
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Fig. 5 Number of iterations necessary for a colouring solution 



3. EUROPEAN TRANSPORT NETWORK 

The planning tool described above has been used to design a 8-nodes 
central European network [7] the topology shown in Fig. 6. The distances 
between nodes and the demands expressed in terms of optical channels are 
listed in Table 1. 
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Table 1 



Node pair 


Distance 

[kml 


Demand 

[channels] 


0-1 


480 


36 


0-2 


300 


28 


0-3 


560 


12 


0-4 


740 


28 


0-5 


640 


32 


0-6 


780 


4 


0-7 


1160 


40 


1-2 


320 


12 


1-3 


360 


20 


1-4 


1040 


16 


1-5 


860 


12 


1-6 


840 


4 


1-7 


1040 


36 


2-3 


260 


24 


2-4 


740 


8 


2-5 


540 


4 


2-6 


580 


4 


2-7 


880 


16 


3-4 


820 


8 


3-5 


620 


8 


3-6 


480 


4 


3-7 


700 


32 


4-5 


220 


24 


4-6 


500 


4 


4-7 


900 


36 


5-6 


320 


4 


5-7 


740 


44 


6-7 


420 


8 



The goal of the planning process was to determine the minimum number 
of fibres for each link, which allows a wavelength allocation solution. In this 
way, 1, 4, 8 or 16 wavelengths per fibre have been considered. The results 
are listed in Table 2. 



le2 




Link load 


Fibres/link 


Link 


[channels] 


4X 


8X 


16 X 


0-1 


36 


18 


12 


8 


0-2 


80 


40 


23 


15 


0-4 


28 


14 


10 


4 


0-5 


36 


17 


11 


7 


1-2 


40 


18 


11 


7 


1-3 


24 


11 


10 


4 


1-7 


36 


14 


9 


6 


2-3 


104 


48 


33 


19 


2-5 


48 


19 


14 


10 


3-6 


20 


10 


8 


3 


3-7 


88 


40 


26 


15 


4-5 


48 


17 


10 


7 


4-6 


12 


7 


4 


2 


4-7 


36 


15 


9 


5 


5-6 


52 


21 


11 


9 


6-7 


52 


23 


13 


7 
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The capacity utilisation is defined as the ratio //(^L) , where I is the link 
load, k is the number of fibres and L is number of wavelengths per fibre. 

Fig. 7 displays the capacity utilisation for each link of the 8-nodes 
European network. It turns out that the capacity utilisation decreases when 
the number of wavelengths per fibre gets higher. This is due to the increase 
in the number of edges in the neighbourhood graph since a higher amount of 
channels share the same fibre. Anyway, as it is shown in Fig. 8, the use of 
higher number of wavelengths allows a substantial decrease of the total 
amount of fibre. 




Link 



Fig. 7 Capacity utilisation 




Fig. 8 Relative overall fibre length 
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4. CONCLUSION 

The software tool described above performs a fast evaluation of an 
existing network or a new architecture under different load situations. 
Various “what if’ scenarios can be tested allowing the planners to select the 
most suitable alternative. In the near future, this planning tool will be further 
developed to address key issues such as protection and quality of 
transmission. 
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1. INTRODUCTION 

The future internet demands for increase of the transmission capacity in 
access and core networks. Today telecom operators are installing massively 
WDM links to gratify the demand for capacity upgrades mainly for point-to- 
point connections. The link capacity will grow to a few Tbit/s per fiber. It is 
expected that optical time domain techniques (OTDM) will be used to 
increase the bit rate per WDM channel further beyond the highest available 
electronic processing speed. Today 10 Gbit/s-systems are commercial 
available, for the next months 40 Gbit/s systems are announced. With 
today’s OTDM techniques an increase to 160 Gbit/s is feasible. It is 
expected that the bit rate for one wavelength channel may be increased to 
about 1 Tbit/s. The needs for the pulse sources, the demultiplexers, and the 
design of the fiber system will be discussed. 

Today the optical networks are composed of point-to-point links with 
electronical switching and routing functions in the network nodes (SDH-, 
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ATM-hierarchy). The evolution of the network will go to more advanced 
nodes, where the signal will stay in the optical domain and will be switched, 
routed and processed by all-optical signal processing methods. For complex 
processing functions a hybrid solution may be advantageous, where 
extensive calculations will be done in the electrical domain using the 
superior performance of modem CPUs. But for some selected functions like 
all-optical high-speed switching (up to lOOGbit/s today), wavelength 
conversion and 3R-regeneration (up to 40 Gbit/s today) all-optical signal 
processing devices are investigated in system experiments and have shown 
their merits. These components are thought to be suitable for “moderate” bit 
rates like 10 to 40 Gbit/s system due to their performance in term of 
simplicity, advanced functionality, cost and reliability. The state of the art of 
these all-optical signal processing devices will be described and further 
evolution will be discussed. 

Today monitoring and control of the network is done by the electronics 
(SDH, ATM). If the signal stays in the optical domain, for operation, control 
and maintenance new methods have to be developed based on optical signal 
processing methods. Optical sampling can be used for monitoring purpose of 
optical signals at very high bit rates. First results will be discussed. 

The future internet will force a change from circuit switched networks to 
packet switched networks. If we use OTDM systems, than the well known 
bit-interleaving technique for the multiplexing / demultiplexing can not be 
used any more. Packets arriving at a lower bit rate at the node have to be 
compressed in time and bit shape and decompressed at the other end. Here 
some modelling results shall show the main problems to overcome. To 
reduce the processing time of the packet at a node the concept of “switching 
on the flight” will be studied. Assuming IP with label switching, the label 
has to be separated from the packet, read, analysed, a new label computed, 
the routing performed and the new label written to the packet. The label 
separation and label adding function will be done with all-optical processing 
functions. The packet itself should stay in the optical domain. For this a fiber 
memory with a 3R-regenerating function will be used. The label will be 
processed - in a first step - with a high-speed electronic unit. 

Optical signal processing will play a key role in this scenario. In 
particular packet switching at ultra-high speed is a challenge. State of the art 
of optical signal processing in the bit rate range from 10 to 160 Gbit/s and an 
outlook into the future will be given, where bit rates of about 1 Tbit/s are 
announced. 
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2. OTDM-TRANSMISSION SYSTEMS 

In Optical Time Division Multiplexing (OTDM) systems the 
multiplexing from a “low bit rate” (today 10 Gbit/s) is done by distributing 
short pulses from a ps-pulse source to a variety of n modulators (each 
working at 10 Gbit/s) and combining the individual delayed pulses to an 
interleaved bit stream of n*10 Gbit/s, as is shown in the figure. 




The critical device is the ps-pulse source. For the transmission of short 
pulses on standard fiber special care has to be taken, like dispersion 
management and / or polarisation mode dispersion compensation (PMD). 
Demultiplexen needs an all-optical switch, working with a switching 
window of the pulse width, but with a repetition rate of the basic bit rate. In 
order to switch at the right time slot, an optical clock recovery circuit gives 
the time information. 
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2.1 Pulse Source 

For ultra-high speed transmission fs-pulses are necessary. One way to 
generate sub-pico second pulses is the so-called tunable mode locked laser 
(TMLL)*. Here a schematic of the pulse train is shown, summarising all 
important parameters of the TMLL in this plot^. 



Summary of TMLL Characteristics 




Mode-locking : passively, hybrid electrically, hybrid optically 



7-8 Febfuar 2000 oNDM 2000, Athens ” HHI, Berlin 



• The repetition rate of the TMLL can be tuned form 1 to 20 GHz by 
varying the cavity length. 

• The pulses have a sech^'2 shape for pulse widths down to 600 fs. 

• The pulse width can be tuned from 180 fs to 15 ps by changing the 
grating and by switching from collimated to focussed projection onto 
the grating. 

• The RMS timing jitter of the pulses is typically about 300 fs. 

• The relative intensity noise is smaller than -125 dB per Hz. 

• The extinction ratio is about 60 dB and the trailing pulse suppression 
is about 30 dB. 

And finally, the centre wavelength can in principal be anywhere between 
600 and 1700 nm depending on the type of laser diode used. The tuning 
range for a fixed diode is as large as 1 10 nm. 

The saturable absorber is created by nitrogen ion implantation through 
one facet of the fabry perot laser diode. 

Mode locking can be achieved passively, hybrid electrically and hybrid 
optically. 
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There is a variety of applications for ps-pulse sources in OTDM systems: 
(i) as transmitter, (ii) as clock recovery in 3R-regeneration (re-shaping, re- 
timing), (iii) synchronisation in demux and (iv) optical sampling. 

Thus the ps-pulse source is the key device for OTDM-systems. The 
shortness of the pulses and the spectral purity determine the transmission 
capacity and the transmission length. 

2.2 Dispersion Management 

The propagation of pulses on fibers is limited by fiber loss, fiber 
dispersion, non-linearity and other effects. The invention of the Erbium- 
doped fiber amplifier (EDFA) has overcome the loss limit by periodic signal 
amplification on a long fiber link. The transmission of short pulses on 
standard fibers (SMF with a dispersion of 17ps/km/nm) leads to a 
broadening of the pulse width, which also limits the transmission length. The 
transmission length can be increased by compensating the accumulated 
dispersion by adding some fiber length with a negative dispersion (DCF 
fiber). For applications with very short pulses (terabit systems), which have a 
broad wavelength spectrum, or for WDM applications the accumulated 
dispersion has to be compensated in a wide wavelength region. In this case 
the dispersion compensating fibers have to compensate the dispersion itself 
and higher order dispersion. 

The maximum propagation distance^ of a transmission line composed of 
cascaded links of SMF, EDFA and compensating fiber is a function of the 
input power of the signal, as is shown in the figure. For low input power the 
limiting factor is the noise accumulation generated by the optical amplifier. 
For large input power the limiting factor is the combined influence of non 
linear effects. 
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2.2.1 Terabit System Design 



Modelling results on tera bit transmission systems are not available at 
this time. Some basic trends can be deduced from fundamental work at lower 
bit rates. In the first example experimental and simulation results are 
compared for transmission on dispersion compensated standard fiber links, 
while the two next are only theoretical studies of dispersion shifted fiber 
links at higher bit rates. 

Recently four WDM-channels, each carrying a data rate of 40Gbit/s were 
transmitted over a 100km single mode fiber (SMF) link in RZ format'*. The 
fiber link consisted of a 100km SMF span with an EDFA and a dispersion 
compensating fiber (DCF). The experiment was numerically simulated and 
the calculated results were in good agreement with experiment. 

For the 4x40 Gbit/s experiment a DCF (labeled as DCFl) is used for 
which second order dispersion D is fully compensated but not the third 
order dispersion S. The results of the calculations depicted in the figure show 

that for such a compensation only up to 
three spans can be cascaded. If, 
however, DCF2 is used which 
compensates both D and S the penalty 
curve has the same shape but is 3dB 
lower. A similar curve results if 
dispersion is compensated in the 
receiver, e. g. by a fiber Bragg grating. 
Next the numerically investigation of 
the cases of 8x40 Gbit/s, 8x80 Gbit/s and 8x160 Gbit/s transmission over 
5xl00km of SMF and 100km amplifier spacing are shown. In order to 
compare the results with the 4x40 Gbit/s experiment pulse widths of 4ps, 2ps 
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and Ips and channel spacings of 2nm, 
4nm and 8nm are taken for 40Gbit/s, 
80Gbit/s and 160Gbit/s, respectively. 
Each span is assumed to be completely 
compensated by DCF2. An important 
result of the calculation is that four-wave 
mixing and cross phase modulation 
effects are negligible for the dispersion 
map and channel spacings considered. 
Further an evaluation of the stability of transmission with respect to small 
changes in the degree of dispersion compensation has been done, by 
deviating the SMF length from the value of complete compensation. The 
SMF-length tolerance is due to the increased broadening of the pulses for 
deviation of total dispersion from zero. The results of the calculations are 
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shown in the figure. The optimum input power is lOdBm per channel. In this 
figure the eye closure penalty for deviations from the ideal fiber length is 
depicted. In order to keep transmission penalty below the 3dB penalty an 
SMF length tolerance range of 1.1km, 0.28km and 0.07km is necessary for 
the 4ps, 2ps and Ips pulse width, respectively. Length tolerances well below 
1km are difficult to realize and a way must be found to increase the numbers 
listed above. Since for non-soliton transmission pulse broadening by 
dispersion depends inversely on the square of the pulse width the above 
length tolerance are increased by a factor of 4 if pulse widths of 8ps, 4ps and 
2ps are used for 40Gbit/s, 80Gbit/s and 160Gbit/s, respectively. 

Kazuro Kikuchi^ has discussed the design of an ultra-high speed optical 
transmission system based on a dispersion-shifted fiber. It is shown that the 
distance for dispersion compensation / amplifier section is decreasing for 
increasing bit rate. 
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Marcuse and Menyuk have investigated theoretically the tolerances of a 
100 Gbit/s transmission system for three different formats: non return to zero 
(NRZ), return to zero (RZ) and the dispersion-managed soliton (DMS) 
propagation. It is shown, that the amplifier span has to be reduced to 20 km 
compared to 80 km for 40 Gbit/s systems. Further the tolerances for power 
and dispersion variations are shown to decrease with increasing transmission 
length and bit rate. These results are in agreement with the experimental and 
theoretical results from HHI, given above. 








56 



Hans-Peter Molting 



100 Gbit/s-OTDM Transmission System Design 
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From this we can learn that the tolerances of the operation windows will 
become even more tight, if we go from 160 Gbit/s to much higher values like 
lOOOGbit/s. It looks like that the development of new fibers and new 
dispersion management concepts are necessary. 



2.3 System Experiments 

Some of the actual hero system experiments, aiming for highest 
transmission capacity on a single fiber, are shown in the table: 
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At HHI fundamental investigations concerning the data format, the 
method of dispersion compensation, the amplifier span and other parameter 
are investigated and the results are shown in the following table. 





















All-optical Signal Processing Devices for Photonic Networks 



57 





year 


capacity 

[Gbit/s 


description 


HHI*“ 


1997 


40 


150 km single span 
comparison of post- and 
precompensation comparison 

with TWF and DSF 


HHI" 


1998 


40 


430 km 4 spans mid-span 
spectral inversion 


HH*^ 


1998 


4x40 


100 km single span 


HH*^ 


1999 


40 


430 km 4 spans comparison 
of RZ and NRZ modulation 
format 


HH*'* 


1999 


80 


106 km 2 spans mid-span 
spectral inversion 



2.4 Optical sampling for monitoring of signals 

Network operators need information on the status of their network 
elements to have control over their network. For a variety of applications it 
is necessary to guarantee the quality of the service (QoS). One important 
parameter of a transmission line is the bit error rate (BER) of the link. In an 
OTDM-system the basic bit rate (electronic) is lower than the (optical) bit 
rate on the fiber. Therefore optical methods for measuring are necessary. 

Optical sampling'^ can provide some insight in the shape of the signals 
and we hope to extend such a measurement setup to investigate the Q-factor 
of the system, which is correlated with the BER curves. 

The principle of optical sampling*® is shown in the figure. For a periodic 
signal it is possible to select information on the height of the amplitudes on a 
repetition rate, which is much lower than the bit rate of the signals. 

To get a measure for the amplitude of the signal at a time a logical AND 
function has to be used between very short pulses as a control signal and the 
data. 
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For this purpose the four wave mixing process in the gain-transparent 
switch between control and signal can be used, which generates a new signal 
that is proportional to the desired amplitude and can be filtered out. 




As is shown in the figure, two pumps around the wavelength 1,3 |xm as 
control are necessary. The control pulses have to be as short as possible, a 
low jitter and the repetition rate has to be variable. The switch needs a high 
linearity, high temporal resolution, large optical bandwidth and polarisation 
insensitivity. This is fulfilled by the gain-transparent switch. 

As first example the shape of a 160Gbit/s optical sampled data stream*® is 
shown in the figure. This can not be done with pure electronic methods. 
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Optical Sampling of 160 Gbit/s Data 
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3. BASIC OPTICAL SIGNAL PROCESSING 
DEVICES 

We use two lines of basic optical signal processing devices, both are 
based on semiconductor laser (amplifier) material. The advantages of this 
choice are (i) short device length (compared to fiber), (ii) robust and stable 
operation for integrated devices, (iii) cheap to fabricate and they offer (iv) 
gain. 

For all-optical switching non coherent effects are used. Thus for data 
input and control input we need always two different wavelengths. 



Basic Optical Signal Processing Devices 




simple non linear MZI selfpulsating laser 

gain transparent MZI Q switched laser 

gain shifted MZI 

clock recovery 

optica! gate decision element 
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As optical gate the non-linear Mach-Zehnder Interferometer (MZI) with 
semiconductor optical amplifier (SOA) is used. The switching behaviour can 
be shaped by using different band gap material for the SOA (simple non- 
linear MZI, gain-transparent MZI, gain-shifted MZI). This component as a 
single pass device has a very high speed potential compared to laser devices, 
which are multi-pass elements. 

For clock recovery a multi-section DFB laser operating as a selfpulsating 
laser can be used. By introducing data to the free running laser, the output 
signal can be locked to the incoming data stream. Basically the same device, 
but optimised for switching behaviour can be used as a decision element. 



4. 3R-REGENERATION 

Data transmitted over large distances show signal degradation due to the 
fiber non-linearities and dispersion effects. The passing of a network node in 
the optical domain will add further noise and crosstalk accumulation due to 
switching and wavelength conversion in the node. All-optical 3R signal 
regeneration (Re-amplification, Re-timing, Re-shaping) is a key function 
needed for scalable all-optical networks. The main functional blocks are the 
optical clock recovery and the decision element. 
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4.1 Non-linear Mach-Zehnder Interferometer as basic 
all-optical Switch 

Interferometric switches incorporating semiconductor optical amplifiers 
(SOAs) have been widely investigated for high-speed all-optical signal 
processing. In these switches, an optical control signal depletes the carriers 
in the SOAs. The carrier depletion causes a gain change in the SOA which is 
accompanied by a change of refractive index. The latter leads to a phase 
change of the data signal and is used for interferometric switching. The 
wavelength of the control signal (blue) and the input signal (red) have to be 
different to avoid coherent effects. 
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The device can be used for different applications: 

• as wavelength converter with a constant amplitude of the input light 

• as optical gate to led pass optical signals (red) on the input port to the 
output port (not shown in figure) 

• in combination with a clocked signal this gate can be used as switch 
for a 3R-regenerator 

We prefer an interferometer with two control inputs, to use push-pull 
operation with a short delay between both control signals (blue). This 
architecture can operate at higher speed than the single control 
interferometer. 

The MZ-interferometer with long SOAs has a speed potential of about a 
few 100 Gbit/s. 

The switching behaviour can be shaped by using different band gap 
material for the SOA: 
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• simple non-linear MZI,'^ data and control pulses are both in the 
maximum of the gain curve. The resulting switching characteristic 
shows a strong pattern effect for the passed signals due to gain 
saturation effects 

• gain-transparent MZl‘^, only the control pulses are in the gain 
maximum. The data pulses are far away from the gain maximum and 
will be switched only by phase changes. The amplitudes of the signal 
are nearly constant. 

• gain-shifted MZl, this is a new concept, where the data wavelength is 
placed at the border of the gain characteristic. This allows to operate 
this switch in combination with wavelength converters, which is 
necessary in some system applications. One example is the 3R- 
regenerator, where input and output wavelength often have to be 
identical, but a wavelength conversion is accompanied with a one 
stage gate function. Here an additional wavelength conversion is 
necessary. 

4.1.1 Tbit/s demultiplexing with LOTOS 

A new type of very fast switching device has been reported. This switch 
uses low temperature grown InGaAs/InAlAs’^ multiple quantum wells in a 
free space arranged Fabry-Perot resonator. The module achieves a response 
time of 390 fs with a contrast ratio of 25 in a fiber-based experiment. Using 
the modules, all-optical demultiplexing is demonstrated for signal pulses 
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corresponding to 1.05 Tbit/s, and the demultiplexed optical pulses have been 
clearly detected. 

This ultra-fast switching effect is accompanied with high losses. 



4.2 Selfpulsating Laser as Clock Recovery 



The selfpulsating laser^® is a three section DFB laser, which has been 
developed specially for the clock recovery function. The device has a gain 
section, a phase shifter section and a Bragg reflector section. Here the 




selfpulsation is generated by the 
feedback from the reflected wave of 
the Bragg reflector into the gain section 
under control of the phase section. The 
device is operated with three DC 
currents, which control the following 
functions: 



• phase current: selfpulsation on / off 

• gain current: tuning of the selfpulsation frequency^* with a 
continuous tuning range from 6 to 40 Gbit/s^^ 

• Bragg current: tuning of the wavelength (a few nm) 

Injection of a data stream (both input wavelengths have to be different, to 
avoid coherent effects) into the free running selfpulsating laser locks the 
output signal to the data stream. 
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4.3 Q-switched laser as decision element 

Bistable Q-switching has been demonstrated static and up to 10 Gbit/s for 
a specially optimized 3 section DFB laser device, which can be used as a 
decision element in all-optical signal processing application. This device can 
easily be integrated monolithically together with the clock recovery circuit. 
The static switching characteristic is shown. 




4.4 3R-Regenerator System Experiments 

In cooperation of Alcatel and HHI a 10 Gbit/s transmission experiment 
has been successfully conducted with a 3R-regenerator composed of two 
MZ-interferometers (input wavelength equal to output wavelength) and a 
selfpulsating laser as clock recovery. The basic setup and the BER 
measurement curves are shown. 
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All-Optical 3R Regenerator in a Loop 
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Further on a loop transmission experiment with a repeater length of 50 
km length has been conducted. After the first lap a small penalty of about 1 
dB has been observed. The next 300 laps show no additional penalty, 
indicating a successfully limiting of noise and jitter accumulation by this all 
optical 3R-regenerator. 
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5. OPTICAL PACKET SWITCHING 

Packet switching based on the Internet Protocol (IP) is a connectionless 
oriented traffic, basically invented for computer networks. The data are put 
into packets and sent randomly to the neighbours. All packets are built up of 
the data or payload and an additionally header, where the address is put in. 
Each node of the network has an address table of other neighbouring nodes. 



Optical Signal Processing for Packet Switching 



packets in packets out 



1 ' — 


packet 


guard time 


1 


2 




TTk'-.ii i!2j FI 


3 


switch 




1 ■ ■■ — ■ — 




1 ^ O 



low bit rate bit rate 



contention: optical memory 

low to high bit rata: shorter pulses, 

packet compression 
on the flight: synchronization 

bit interleaving is not possible for packet switching 



7-S 2000 OHDM 3SOB. AlhMI HH>. BMn 



Based on this knowledge the packets are send to the next node, until it 
reaches its destination. Therefore the basic steps in a node are the following: 
storing a packet, identifying the address in the header, determining the 
output port of the node, writing a new header, sending the packet. All 
packets arriving in a node are queued until the processor has time to process 
the package. This signal processing can easily be done by today’s computer, 
but it is a slow process, which increases the delay time for a packet 
propagating through the network. 

Optical signal processing offers the chance for much faster processing 
time, especially if the packet is staying in the optical domain “on the flight”, 
while the header is processed and a very fast switch is activated to send the 
packet to the next node. The non-linear MZ-Interferometer switch can be 
used as fast packet switch. 





All-optical Signal Processing Devices for Photonic Networks 



67 



One concept is label switching in IP, where the path through a domain is 
planned at the border nodes (blue) and the packet gets an additional label, 
which is processed by optical signal processing methods in the inner nodes 
(red) of the domain. The introducing of a label domain reduces the length of 
the address table and the processing time and includes some other 
advantages. 




5.1 Optical Memory 

In any case an optical memory is necessary for storing the packets during 
processing time. A well known solution is a fiber-ring memory with a 3R- 
regeneration to stabilise the signal shape. Again fast switching to open and 
shut the ring memory can be done by a MZI-switch. Synchronisation 
between two data streams is necessary. For this purpose switched delay lines 
have been investigated by several authors. 
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5.2 Fast locking clock recovery for packet switching 

Packet switching is a burst mode of operation. Consecutive following 
packets are not synchronised as is usual in SDH. Therefore fast locking 
clock recovery circuits are needed. Here the selfpulsation multi-section DFB 
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laser has its superior performance^^. In experiments at 10 Gbit/s the 
synchronisation (locking) time has been investigated to a number of 10 “1” 
bits following a queue of 1600 “0” bits, representing the guard time of 
packets (see left side of figure “Fast Locking Clock Recovery”). This is a 
factor of 1000 shorter than is usual in today’s electronic PLL circuits. 

The number of “0” bits until the clock is desynchronised is in the order of 
a few hundred (see right side of figure). This “fast locking” function 
together with the “long memory” effect makes the selfpulsating DFB laser 
well suitable for all-optical packet switching applications. Together with fast 
optical gating devices a 3R-regenerator for packet switching can be built. 



5.3 Packet Compression and Decompression 

In OTDM transmission systems, the often used bit-interleaving technique 
for the multiplexing / demultiplexing can not be used any more for packets 
switching. Packets arriving at a lower bit rate at the node have to be 
compressed in time and bit shape and decompressed at the other end. 




Non-linear MZ-Interferometer can be used for changing the width of 
signals. The MZ-interferometer acts as a logical and-function. A pulse 
source with short pulses synchronised to the data stream cuts a short pulse 
shape out of an incoming “1” bit. Thus the shape is compressed, but the time 
position is unchanged. 
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To increase the width of short incoming pulses they can be introduced at 
the control input of the MZ-interferometer in push-pull operation. The 
introduced delay determines the new pulse width. Here the coherent 
interaction of both pulses is used to make a flat output signal of the desired 
width. To control the shape an additional phase shifter is necessary. Some 
modeling results are shown. 

This shaping of the pulses has to be done before and after the packet 
compression / decompression process. In the following we assume that the 
pulses are short enough for the higher bit rate. 




T=bitperiod 



decompression 
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A method to compress and to uncompress a packet has been described by 
Prucnel^'*. As is shown in the figure, a passive network of n asymmetric 
Mach-Zehnder-Interferometer with a sequence of special dimensioned 
delays can be used to build up a compressed copy (at point 2) of the 
incoming packet (at point 1) of 2" bits. This packet has to be cut out (at point 
3) by a fast optical switch from the other not usable copies of this device. 
The basic function of this device is shown in the following modelling results 
with a compression factor of 10 in the following figure. To identify correctly 
all bits in a packet, the incoming packet is modulated in the height of the 
amplitude (point 1). Please notice the very short pulses. At point 2 a 
sequence of copies is shown. Only one copy is the complete packet and has 
to be switched by the packet switch (3). 



Results of Packet Compression and Decompression 
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For the reverse process (decompression, dilation) the same sequence of 
passive MZIs can be used, as is shown in the lower part of both figures. At 
point 4 a sequence of copies of the original incoming short packet is shown. 
The bit demux has to switch out exactly one bit of the sequence at every 
period time T. The resulting packet is shown at point 5. 

This concept has the advantage to compress and decompress, as example 
a packet of 2'®=1024 bits with 10 MZIs in a sequence. The disadvantage is 
the fact, that the number of bits in a packet is limited to the quotient of the 
two bit rates. For a realistic scenario of 10 to 80 Gbit/s this is not acceptable. 
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A much more realistic concept is to use a ring memory^^ to collect all bits 
of a packet without any limitation of the packet length. This concept has the 
disadvantage that the bits are scrambled in a special order and therefore the 
compression and decompression has to be done in pairs of devices. But this 
is always the case in practice. 
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The scheme is based on the idea of self bit-interleaving (sometimes 
called rational harmonic mode locking^^). Again we assume that the pulses 
are short enough for a bit-interleaving procedure, as is shown in both figures. 
To achieve rate conversion from low bit rate fi to high bit rate f 2 (as example 
take 10 to 40 Gbit/s) the packet is divided into n slices of bit streams (one 
common color in figure) with the length of m bits. Here n is the ratio of both 
frequencies (n=f 2 /fi). m is the lowest number that fits N<n*m-1, where N is 
the maximum number of bits in the whole packet. In the example shown in 
the figure we have less or equal than 31 bits and n=4 slices with a length of 
m=8 time slots. Please notice, that the last slice has only m-l=7 bits. 

The ring length has to be adjusted to a length of exact n*m-l time slots at 
the higher bit rate fj. 
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That means that the first slice of the low bit rate packet (m=8 bits in our 
example, yellow colored as is shown in the figure) enter the ring by the left 
coupler and start to propagate in the ring memory. The next slice of bits 



Packet Compression and Decompression per Ring 




short 

packet 



bit- 

order 







(number 9 to 14, green colored) meet a (short) time slot behind the bit 
numbers 1 to 8. This behavior is described by the name self bit-interleaving 
process. The next slices (colored red and blue) are also slipped by one 
(short) time slot. All bits will find a well defined place in the compressed 
package. The gate at the right side controls the passing of the complete 
package. 

Decompression can be done by inverting the self bit-interleaving process. 
The same ring memory architecture can be used. The gate at the right side 
has to open the output arm for a short time slot with the period of the low bit 
rate. 



6. SUMMARY 

The state of the art of the application of optical signal processing devices 
and subsystems in present OTDM-systems in the bit rate region 10 to 160 
Gbit/s have been highlighted. Some of the requirements and demands for 
future 1 Tbit/s systems and for future all optical packet switching at ultra- 
high speed have been discussed. All optical signal processing methods and 
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application will play a key role. New network concepts and the speed 
enhancement of semiconductor based materials or the development of new 
materials for all optical switching is a challenge. 
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Abstract: A theoretical study of a high repetition rate laser source based on a novel mode - 

locking technique is presented. This technique relies on the fast saturation and recovery of a 
semiconductor optical amplifier induced by an external optical pulse and has been used to 
obtain 4.3 ps pulses at 20 GHz. A numerical model of the fiber ring laser has been developed 
describing the mode - locking process in the laser oscillator and providing solutions for the 
steady - state mode - locked pulse profile. The critical parameters of the system are defined 
and analyzed and their impact on the formation of the mode - locked pulses is examined. The 
comparison between the theoretical results and the experimental data reveals very good 
agreement and has allowed the optimization of the performance of the system in terms of 
these parameters. 



1. INTRODUCTION 

Ultra-high speed multi-access networks are evolving rapidly and are being 
developed to satisfy the increasing bandwidth demand due to the massive 
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use of Internet and multimedia. Optical signal sources capable of generating 
stable ultra - short pulse trains at high repetition rates and with a tuning 
range as wide as possible are key elements for these novel photonic 
networks that may combine wavelength division multiplexing (WDM) and 
optical time domain multiplexing (OTDM) transmission techniques [1]. 
Short pulse ultrafast lasers are also necessary for the performance of ultra - 
high speed, all - optical logic experiments and the demonstration of all - 
optical Boolean functions such as AND and XOR [2], [3]. Active mode - 
locking is one of the main methods for the generation of ultra - short 
transform - limited optical pulses which is based on the direct modulation of 
the optical field during each cavity round - trip. At 1.5 pm, several actively 
mode - locked fiber lasers employing Er doped fiber as the gain medium and 
producing transform - limited picosecond pulses at multi - GHz rates have 
been demonstrated [4 - 9]. The majority of these systems uses loss 
modulation by lithium niobate electro - optic modulators due to their large 
electro - optic coefficient and their compact construction on low loss 
titanium - indiffused waveguides. Unfortunately, these modulators are highly 
sensitive to the polarization state of the input optical field. For this reason, 
laser sources using lithium niobate modulators have to be build from 
polarization preserving fiber pigtailed components [6], [7] or else suffer 
from mode - locking loss which limits their operational usability. Similarly, 
the use of lightly or moderately doped Er fiber results in long cavities which 
make fiber lasers sensitive to small environmental perturbations, such as 
thermal fluctuations and acoustic vibration. Although several active 
stabilization techniques have been developed to counter the instability of 
long cavity fiber lasers, these increase the complexity of the system [8], [9]. 
In order to solve these problems, semiconductor optical amplifiers (SOAs) 
have been deployed in mode - locked laser sources for the generation of 
short optical pulses at high repetition rates. The use of an SOA inside the 
laser cavity is particularly attractive since it can provide simultaneously gain 
over a broad spectral range and modulation due to its fast gain dynamics. 
Actively mode - locked laser sources with an intracavity SOA have been 
demonstrated by several research groups [10 - 15] to generate short optical 
pulses at various repetition rates. In these configurations the SOA provides 
either the necessary gain exceeding the ring laser cavity loss in combination 
with an intracavity electroabsorption [10] or electrooptic modulator [11] or 
both gain and electrically controlled gain modulation [12 - 15]. 

This paper presents theoretical results obtained from an actively mode - 
locked fiber ring laser source that uses a single SOA to provide both gain 
and gain modulation via cross gain saturation from an external optical pulse 
train. The novel configuration of the fiber ring laser source results in a stable 
oscillator since the use of a single active element to provide both gain and 
modulation renders the cavity short. Furthermore, the cavity is nearly 
polarization insensitive as there is no lithium niobate modulator and the SOA 
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is operated under heavy saturation providing nearly polarization independent 
gain. The source is very simple to build from commercially available 
components and has formed a technology platform from which four 
subsystems of exceptional good operating performance have been 
demonstrated. These subsystems are crucial for the implementation of high 
speed telecommunication transmission and network systems that are based 
on WDM and OTDM techniques. More specifically, these subsystems 
include (a) a 4.3 ps stable 20 GHz fiber ring laser source with 16 nm tuning 
range [16], (b) a 10x30 GHz source which generates 10 synchronized 
wavelength channels, each mode-locked at 30 GHz, producing nearly 
transform limited 7 ps pulses with less than 5% power variation across them 
[17], (c) an optical clock repetition rate multiplier circuit which has achieved 
a factor of 6 frequency multiplication and up to 34.68 GHz [18] and (d) an 
optical clock recovery and division circuit capable to recover clock from a 
data pattern up to 20 Gb/s and to perform clock division from the 20 Gb/s 
stream to 10 and 5 GHz [19]. The four subsystems allow the efficient 
solution of the following problems that are encountered in WDM and 
OTDM networks: (a) The generation of ultrashort pulses from a stable 
tunable source at 40 GHz (fiber ring laser source) to provide the necessary 
optical power in the ultrafast WDM and OTDM networks, (b) The existence 
of simultaneous, synchronized wavelength channels (10x30 GHz source). 
These may be used for clock recovery or synchronization purposes in the 
complex all optical circuits incorporating digital gates. They can also be 
deployed in networks combining WDM and OTDM as a single, cost 
effective source, (c) The synchronization of the all optical gates (AND, 
XOR) that are used in ultrafast OTDM networks with a single reference 
optical clock (clock repetition rate multiplier). These gates are key network 
elements because they perform all-optical functions such as demultiplexing 
(AND) and pattern matching (XOR) in the users access nodes, (d) The clock 
recovery (clock recovery/division circuit) operation that is essential for the 
generation of a high quality local clock synchronized with an incoming data 
stream to power the optical logic gates and to ensure data synchronization, 
despite the presence of jittered signal, in very high capacity WDM and 
OTDM networks. 

A mathematical model of the fiber ring laser has been developed 
describing the mode - locking process in the laser oscillator and providing 
solutions for the steady - state mode - locked pulse profile. A complete 
investigation on the critical parameters that determine the width, energy and 
position of the mode - locked pulse relative to the external pulse has been 
performed. These parameters include the small signal gain and carrier 
lifetime of the SOA, the cavity loss and the pulse energy and width of the 
external modulating signal. From the analysis carried out it has been found 
that the minimum pulse width is obtained when these parameters are 
adjusted so that the mode - locked pulse forms in the middle between two 
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successive external pulses and that this condition corresponds to the case 
where the energies of the external and mode - locked pulses are nearly equal. 
A rule of thumb has been also derived concerning the relationship between 
the operating repetition period and the carrier lifetime of the SOA which is 
particularly important when the fiber ring laser source is used for ultra - high 
speed all - optical applications. 



2. MODEL FOR MODE-LOCKING USING 
OPTICAL GAIN MODULATION OF A 
SEMICONDUCTOR OPTICAL AMPLIFIER 

Mode - locking is a well known technique for the generation of ultra - 
short pulses and has been studied theoretically by several research groups 
[20 - 22]. In particular, active mode - locking has received considerable 
theoretical interest including analytical [23], [24] and numerical treatment 
[25], [26] for the estimation of mode - locked pulse characteristics. 

This section presents the numerical model that describes the mode - 
locking process of the SOA fiber ring cavity. The model follows the 
unidirectional propagation of the pulse around the cavity as it is shown in the 
block diagram of Figure 1. The operations considered inside the ring cavity 
are (a) saturable gain in the semiconductor laser optical amplifier (SOA) by 
the externally introduced pulse and the circulating mode-locked pulse, (b) 
bandwidth limitation of the circulating pulse with an optical filter and (c) 
linear losses that are present in the cavity. 




Figure 1. [Block diagram of fiber ring laser source used in simulation] 

The parameters of the model are assumed to take values for which the 
oscillator operates under steady - state mode - locked condition. The pulse is 
therefore assumed to reproduce itself after one complete circulation around 
the laser cavity without any changes in the width or the energy, apart from a 
small temporal displacement. The other implicit assumptions which have 
been made in order to obtain the solutions are as follows: (a) The electric 
field of the circulating mode - locked pulse is assumed to be linearly 
polarized along the SOA axis of peak gain, (b) Changes in the mode - locked 
pulse profile due to its transit through each cavity element are small. As 
such, Taylor expansions of exponential terms to the first order incur small 
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errors in the analysis, (c) The pulse energy of the external optical pulse and 
the circulating mode - locked pulse is assumed to be low enough compared 
to the saturation energy of the SOA. As a result of this, the gain coefficient 
of the SOA may be expanded up to second order with respect to pulse 
energies, (d) The bandwidth of the mode - locked pulse is assumed to be 
small compared to the bandwidth of the spectral limiting element in the 
cavity and Taylor expansion to second order of the pulse spectrum in the 
frequency domain is appropriate. 



2.1 Steady - state equations 



The profile of the output pulse after the consecutive transit through the 
SOA, spectral filtering and after encountering the cavity linear losses can be 

expressed as the successive operation of three operators 61,62 and 63 on 
the input pulse profile Ein(t) 



Eout(t) = 616363 [Ein(t)] = exp 
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where Ti is the transit time of the pulse through the SOA, T2 is the temporal 
delay that the pulse experiences when travelling from the exit of the SOA to 
the exit of the filter and T3 is the temporal delay that the pulse experiences 
to travel from the exit of the filter to the entrance of the SOA. In this 
expression, 61 is defined as the gain operator of the SOA acting on 
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is the power linear loss coefficient of the system. 

On the assumption that the profile change per pulse transit is small, the 
exponential terms in equation (1) may be expanded to first order providing 



Ein(t-TR) (2) 



Eout(t) — 



2 



^ 1 d^ G(t) ^ 

. 2Ato,^ dt^ 2 



where = T, + T 2 + Tj is the round trip time of the laser cavity, which for 
simplicity is assumed to be equal to the repetition period. Text , of the 
externally introduced pulse train. 



In order to obtain closure and a steady - state solution for the mode - 
locked pulse, the mode - locked pulse is assumed to reproduce itself after 
each complete transit through the SOA, filter and losses. The gain of the 
SOA is also assumed to recover to the same value before each mode - locked 
pulse enters it. In order to accommodate small temporal shifts, 8T, of the 
pulse around its peak as a result of the gain saturation in the SOA, the self - 
reproducing pulse profile principle is applied by requiring that 
Eout(t) = Ein(t - Tr + 8T) and by expanding to first order in 8T we obtain 
from (2) 
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where we have introduced the normalized parameters 
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and 



Specifically, g(t) is the gain coefficient of the SOA normalized to the linear 
loss coefficient and 8 is a time delay (or advance) parameter indicating 
whether the pulse repetition period deviates from the free space round trip 
time Tjj . 



The solution of this steady - state equation for the recirculating mode - 
locked pulse requires the calculation of the time dependent normalized gain 
coefficient g(t). For this purpose, we consider in 2.2 the gain dynamics of the 
SOA during its gain saturation and recovery periods. In the analysis that 
follows, the external pulses are temporally separated from the mode - locked 
pulses by an unknown parameter, Ts, that is assumed to be large compared 
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to the width of the two pulses. Physically, this means that the external pulse 
energy does not play any direct role in saturating the gain of the SOA during 
the presence of the mode - locked pulse and therefore need not be taken into 
account in equation (3) explicitly. The effect of the saturation of the SOA by 
the external pulses is however taken into account in calculating the input 
gain parameter at the entrance point of the mode - locked pulses as will be 
described in 2.4. 



2.2 Semiconductor optical amplifier gain dynamics 

The ordinary differential equation that governs the temporal saturation for 
each point in the pulse is [27] 



«=&zM_£!!|^!5^{expt(e)]-i} (4) 

dt tear 2 Jsat 

where gss = raNo(I/Io-l)/Lis the integrated small signal gain normalized to 

the cavity linear losses and Jsat = hatoA/a is the saturation energy of the 
amplifier. The parameters W , 8o , A, T, o, ^coo , No and L are the carrier 
lifetime, the dielectric constant in vacuum, the cross section area of the 
active region, the confinement factor, the transition cross section, the photon 
energy and the carrier density and injection current required for 
transparency, respectively. 



2.3 Gain saturation by short optical pulse 

Equation (4) can be now used to obtain the gain saturation of the SOA for 
a short optical pulse, on the assumption that the width of the pulse is much 
smaller than the carrier lifetime of the amplifier [27]. This in practice means 
that the optical pulse is so short that the gain has no time to recover during 
its duration and the first term in the right hand side of equation (4) can be 
thus neglected. Assuming also for simplicity that around the peak of the 
mode - locked pulse g(t) is close to 1 so that the exponential term may be 
expanded to first order, the resulting normalized time dependent gain g(t) is 



g(t) = gP exp 



Jin(t) 

Jsat 



(5) 
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where gP is the gain before the arrival of the recirculating mode - locked 



cn£ A 

optical pulses and Jin(t) = •— ^ J|Ein(t')|^dt' is the instantaneous 

2 -oo 

energy of the mode - locked pulses entering the SOA. 

The exponential of (5) may be expanded, according to the assumptions 
already stated, into second order Taylor series and substituting in (3) yields 
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The solution of this equation requires the knowledge of gf„ which can be 
found from the gain recovery analysis that follows. 



2.4 Gain recovery 

After the saturation of the SOA according to (5), the gain recovers due to 
the injection of carriers by the injection current. The gain recovery can be 
calculated, assuming that the stimulated recombination term (second term) in 
the right hand side of (4) can be neglected, from 



g(t) = (gf -gss)exd 



tear 



+ gss 
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where gf is the gain of the saturated SOA immediately after the transit of a 
pulse through given by 



gf = gin exp 



Jtotal 

Jsat 
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In this equation gin and Jtotai are the SOA gain and pulse energy 
immediately before the pulse entrance into the SOA. Given that two 
different sets of pulses transit the SOA at different times, i.e. the external 
and mode - locked pulses, the recovery of the SOA must be accounted 
separately for these sets of pulses. For this reason, gin takes the values gP 

and gf*‘ and Jtotai takes the values Jp and Text for the mode - locked and 
external pulses, respectively 

In order to obtain the steady - state condition for the laser oscillator, the 
gain of the SOA is assumed to recover always to the same level gP and gf*‘ 

before the mode - locked and the external pulses enter it, respectively. As the 
mode - locked pulse forms at time Ts after the external pulse has entered the 
SOA, its gain has had Ts - AT time to recover to the value gP from the 
value g“‘ before the arrival of the mode - locked pulse, where 

AT = ~~ — ~ with text being the width of the external pulse. 

Similarly, the external pulse experiences a gain equal to g“‘ which has 
recovered from the saturated value g^ after the mode - locked pulse exits the 
SOA after T^ - Ts - AT time has elapsed. The equation of the recovery of 
the SOA is thus split in two equations which describe the SOA recovery 
after the transition of the external and mode - locked pulses, respectively. 
Equations (7) and (8) yield 



ext 


Jext 






f Ts- AT"] 


gin exp 


Jsat j 


-gss 


exp 


\ > 



( 9 ) 



and 



n 


( Jp^ 






( Tr-Ts-AT"i 


gin exp 




-gss 


exp 






Jsat J 


_ 




1 tear j 



( 10 ) 



Substituting (10) in (9), is eliminated and an expression is obtained 
which involves only gP 
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p _ gss[l + exp(A - a)- exp(A + B - a)- exp(A)] 
[l - exp(A + B - Uo - a)] 



( 11 ) 



where Uo = — and a = 



are the normalized to the SOA 



Jsat Jsat 

saturation energy energies of the mode - locked and external pulses 



, Ts-AT ^ ^ Tr-Ts-AT 

respectively, A = and B = -- 



tcar 



tear 



2.5 Solution 



In order to obtain a steady - state solution for the mode - locked pulse 
profile in terms of its width and energy, the mode - locked pulses are 
assumed to be squared hyperbolic secant in shape with total energy Jp so 
that the electric field is given by 



Ein(t) = 



' UoJsat ' 



2t. 



sech 



M 



( 12 ) 



where tp is related to the full width at half maximum, , by 

j _ I’fwhm 
” ln(3 + 2V^’ 

Squaring (12) and integrating over the time dependent variable we obtain 



Jin(t) 

Jsat 



2 



fl + tanh— 1 



(13) 



Substituting (12) and (13) and equating the coefficients of the same order 
terms in (6), the following equations are derived 
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i_gP+grnUo_g!;.Uo^_i 1 

2 8 LtjAco,^ 


(14) 


gPUo gPUo^ 8 

2 4 tp Aco, 


(15) 


2 

LtJ Ao),^ 8 


(16) 


Equations (11), (14), (15) and (16) form a set of nonlinear equations with 


unknowns t , Uo , g? , and 8. Setting 8 = ^ we 

obtain 




P (x + 4)^ 

(x + 4)=-4(x + l) 


(17) 


U«= * 
x + 4 


(18) 


|x + 4| 
^ 


(19) 


Equations (11), (17), (18) and (19) form the final set of equations for the 
calculation of tpAco^ . 
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3. RESULTS OF THE SELF-CONSISTENT MODEL 

AND DISCUSSION 



3.1 Cslculstion of Tp^jj^AcOf 

The calculation of tpAco^ and is performed by setting equation (11) 

equal to (17) and substituting the known values of the period and pulse width 
of the external pulse train, the SOA carrier lifetime and the cavity loss. The 
derived equation in x is however transcendental and requires numerical 
solution. In order to solve the transcendental equation and find the unknown 
X, the parameters Q and Ts are scanned in accordance with the experimental 
conditions for a given value of the normalized small signal gain, gss , which 

is the only independent variable of the nonlinear system of equations. The 
unknown x is also scanned within a range whose lower limit is determined 
by the fact that the normalized energy of the mode - locked pulses must be 
always less than the normalized energy of the external pulses. Note that due 
to the form of the transcendental equation, the same combinations of the 
values of Uo and a may correspond to multiple solutions of x. The selection 
of the single x solution and the elimination of the others is performed by 
choosing the value that corresponds to the smallest pulse width. Therefore, 
by solving the system for minimum pulse width, the optimum value of Ts 
and a is obtained for the given gss . The value of x that corresponds to this 

set of gss, a and Ts is then replaced in (19) to calculate tpAm^ and the 
desired value of Tp^jjj^jAcOf is finally obtained from 

Ao..=-^A 0 , and I, = 

' ' ln(3+2V2) 



3.2 Simulation results and discussion 

Simulation results were obtained for repetition frequencies at 10 GHz and 20 
GHz in order to compare them to the experimental ones. The parameters 
used for the simulations were chosen to agree with the values in the 
experimental configuration [16]. Specifically, the width of the external 
pulses was 8 ps, the cavity loss was 15 dB and the full width at half 
maximum of the spectral limiting filter was 5 nm for both frequencies. The 
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small signal power gain coefficient that was used in the calculation of the 
normalized to the loss small signal gain, gss could take values in the range 
19.2 - 25.2 dB, in accordance to the gain characteristic of the SOA. The 
values also of the carrier lifetime were selected to be 100 ps at 10 GHz and 
70 ps at 20 GHz in order to match the theoretical and experimental data 
provided for the 500 pm SOA that was used in the experiment. The decrease 
of the carrier lifetime at the higher repetition frequency is a result of the 
higher current at which the SOA has to be driven [28], [29] to account for 
twice the number of pulses entering the amplifier. The carrier lifetime is a 
particularly important parameter because it defines the range of repetition 
frequencies at which the ring laser may be operated for a given SOA, as it 
will be discussed with the simulation results at 20 GHz. 

Figure 2 (a) shows the variation of the pulse width, Tp^HM’ the 
normalized energy, Uo , of the mode - locked pulse as well as of the required 
external pulse energy, a, against the normalized small signal gain 
coefficient, gss , at 10 GHz. This figure shows that as the normalized small 

signal gain increases, the energy of the mode - locked pulse also increases 
saturating the SOA more strongly and leading to pulse narrowing. Similarly, 
the energy of the external pulse must also be increased to preserve the 
condition of shortest pulse from the oscillator. The width of the shortest 
mode - locked pulse decreases up to a minimum value as the normalized 
gain increases. The minimum pulse width was obtained for 1.53 normalized 
small signal gain and was 4.5 ps assuming a filter bandwidth of 5 nm in the 
experimental system. The value of the mode - locked pulse energy, Uo , is 
either slightly less than or nearly equal to that of the external pulse, 0. At the 
point of minimum pulse width, Uo takes the value 0.45 and nearly equals a 
which is 0.46. The SOA is already heavily saturated at the same point and a 
further increase in the gain beyond this point requires a further increase in 
the energy of the external pulse, which does not allow an increase in the 
energy of the mode - locked pulse and results in an increase of its pulse 
width. 

Figure 2 (b) illustrates the variation of the temporal separation, Ts , 
between the mode - locked and external pulses and for convenience the pulse 
width, Tpyvn^,, of the mode - locked pulses versus the normalized small 
signal gain, gss , at 10 GHz. This figure shows that provided the conditions 

for best pulse width are maintained, the mode - locked pulse forms at 48 ps, 
approximately half way between two successive external pulses, despite 
large variations in gss . As the small signal gain increases, the mode - locked 

pulse moves away from the half way point and closer to the leading of the 
external pulses. This is due to the fact that as the small signal gain increases, 
the gain recovers above the losses in the cavity earlier, forcing the mode - 
locked pulse to move forward. However, the excess gain increases very 
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gradually so that the mode - locked pulse moves very slowly towards the 
leading of the two consecutive external pulses. 

From the observation and analysis of Figures 2 (a) and (b) it can be 
deduced that two conditions must be fulfilled in order to obtain mode - 
locked pulses with the minimum possible width. The first is that the 
normalized energies of the mode - locked and external pulses must be nearly 
equal. This condition alone is not sufficient since there is a large set of 
parameter values for which the normalized energies are equal but the pulse 
width is not globally minimum as seen in Figure 2 (b). This leads to the 
second condition which states that the mode - locked pulse must form nearly 
equidistantly between consecutive external pulses. When both conditions 
hold, the fiber ring laser system generates the shortest pulses. Figure 2 (c) 
displays the variation of the time delay, Ts, between the mode - locked and 
external pulses against the energy of the external pulse normalized to the 
saturation energy of the SOA. The results shown are for operation of the 
laser at 10 GHz with the normalized small signal gain set at 1.53. The figure 
shows that as the energy of the external pulse increases, the mode - locked 
pulse becomes increasingly delayed with respect to the leading of the two 
successive external pulses. This is a consequence of the deeper saturation 
into which the SOA is brought by the external pulse as its energy increases, 
which in turn requires a longer recovery time for the gain of the SOA to 
overcome the cavity losses and allow the mode - locked pulse to form. In the 
same figure the variation of the pulse width against the normalized external 
pulse energy has been plotted. As seen, the pulse width reaches a minimum 
value for a = 0.46 and forms roughly half way between two consecutive 
external pulses. Further increase of the external pulse energy beyond this 
point delays the formation of the mode - locked pulse further and results in 
its broadening. 
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Figure 2. 10 GHz simulation, (a) Variation of the mode - locked pulse width, FWHM, the 
normalized energy of the mode - locked , Uo, and external pulses, Ts, versus the normalised 
small signal gain, gss . (b) Variation of the time separation between the mode - locked and 
external pulses, Ts , versus the normalized small signal gain, gss. (c) Variation of the time 
separation between the mode - locked and external pulses, Ts, versus the normalized energy 
of the external pulses, a. 
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The model was next used to evaluate the performance of the laser system 
as the repetition frequency of the external pulse train was increased to 20 
GHz. In order to examine the behaviour of the model, initially the same 
values for the physical parameters were used as in the case for 10 GHz 
operation. This time, however, the width of the mode - locked pulses was 
longer than that of the external pulses. Note that an increase in the repetition 
rate of the oscillator restricts the range of values that Ts may take, so that 
there is no overlap between the external and mode - locked pulses. The 
parameter that most critically determines the quality of mode - locking, 
however, is the carrier lifetime of the SOA. If the recovery time is far too 
short for a given repetition period, the gain of the SOA recovers too fast so 
that the mode - locked pulse forms early behind the external pulse. This 
allows excess gain to build at its trailing edge, resulting in longer mode - 
locked pulses. On the contrary, if the recovery time is far too long, the mode 
- locked pulse trails too far behind the external pulse and has insufficient 
energy to strongly modulate the gain of the SOA, being therefore long again. 
In order to obtain a rule of thumb for the carrier lifetime, the theory of 
standard mode - locking is considered which stipulates that mode - locked 
pulses form in a laser cavity if the normalized gain function g(t) is greater 
than 1 just as the pulse forms. In all other instances, that is ahead and behind 
the pulse, g(t) must be smaller than 1. In this sense and so as to ensure pulse 
formation, the carrier lifetime must be selected so that gf„ >1 and gf <1. 
Applying first and second order Taylor expansion approximations in (5) and 
(11), these inequalities hold simultaneously if 



1.1 (T^ “ 2text) < tear < 2.1 (T[j “ 2text) (20) 

which sets a lower and an upper limit for the amplifier carrier lifetime with 
respect to the repetition period and the width of the external pulse. This 
condition implies that for the mode - locked pulses to form, the carrier 
lifetime of the SOA must decrease as the operating frequency of the ring 
laser increases. The inverse relationship between the carrier lifetime and the 
operating frequency may be explained if the roles of the frequency and small 
signal gain in the mode - locking process are considered. Specifically, an 
increase of the operating frequency requires an increase of the small signal 
gain in order to compensate the decrease in energy of the mode - locked 
pulses due to the larger number of pulses entering the amplifier per unit 
time. Experimentally, an increase of the small signal gain of the SOA is 
achieved with a higher drive current which also results in a decrease of its 
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carrier lifetime [28], [29]. Following the preceding analysis, the carrier 
lifetime used in the 20 GHz simulation was set to 70 ps. 

Figure 3 (a) depicts the variation of the pulse width and the normalized 
energy of the mode - locked and external pulses as the normalized small 
signal gain coefficient is varied at 20 GHz. The behaviour of the oscillator is 
very similar to that presented in Figure 2 (a) for the 10 GHz case. The 
minimum pulse width obtained was 3.9 ps for an increased normalized small 
signal gain of 1.83. Despite the increase in the small signal gain, the energies 
of the mode - locked and external pulses were lower than the 10 GHz case, 
due to the heavy saturation of the SOA, but were again nearly equal at the 
point of minimum pulse width ( Uo = 0.36, 0 = 0.37). Note that if the 
same value of small signal gain as for the 10 GHz operation is used, 
the mode - locked pulses are longer, 7 ps, with lower energy, Uo = 
0 . 22 . 

Figure 3 (b) shows the variation of the time separation between the mode 
- locked and external pulses, Ts , versus gss . The pulse width of the mode - 
locked pulses is also included so as to compare with the results from Figure 
2 (b). The variation of the position of the mode - locked pulse at 20 GHz has 
similar behaviour as at 10 GHz, that is, as the small signal gain increases, the 
mode - locked pulse moves forward towards the leading external pulse. The 
minimum pulse width is obtained for Ts = 25 ps, half way between two 
consecutive external pulses. 
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Figure 3. 20GHz simulation, (a) Variation of the mode - locked pulse width, FWHM, the 
normalized energy of the mode - locked, Uo , and external pulses, a , versus the normalized 
small signal gain, gss . (b) Variation of the time separation between the mode - locked and 
external pulses , Ts, versus the normalized small signal gain, gss. 

In order to assess the ability of the model for quantitative prediction, the 
parameter values from the experimental set up were substituted in equations 
(11), (14), (15) and (16). At 10 GHz, with an experimental value for gss 1.53 
and using a filter of 5 nm spectral bandwidth and external modulating pulses 
of 8 ps width, the model predicts mode - locked pulses of 4.5 ps duration 
with normalized energy 0.45 and external pulses with normalized energy 
0.46. In this instance the mode - locked pulse forms 48 ps behind the 
external pulse. At 20 GHz, for an increased normalized gain of 1.78, the 
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model predicts mode - locked pulses of 4.5 ps duration and 0.34 normalized 
energy forming 26 ps behind the external pulses of 0.35 normalized energy. 
Experimentally, the shortest pulse train had 4.3 ps duration and formed 49 ps 
behind the external pulses at 10 GHz. At 20 GHz, the corresponding values 
were again 4.3 ps and 24 ps delay behind the external pulses. The agreement 
thus between the experimental and the theoretical values for the pulse width 
and the relative delay is exceptionally good given the simplicity of the model 
and suggests its robustness to the approximations that necessarily had to be 
made. 



4. CONCLUSION 

We have presented a theoretical study of the performance of a high 
repetition rate laser source that exploits the fast saturation of an intracavity 
semiconductor optical amplifier, forming the gain element in its cavity, from 
an external optical pulse to generate ultrashort pulses. A complete and 
computationally simple numerical model has been developed to provide 
solutions for the steady - state mode - locked pulse profile in terms of the 
critical parameters of the system. The results indicate that the minimum 
pulse width is obtained when these parameters are adjusted so that the mode 
- locked pulse forms in the middle between two successive external pulses 
and that this condition corresponds to the case where the energies of the 
external and mode - locked pulses are nearly equal. A practical rule of thumb 
has been also derived concerning the optimum combination of the SOA 
carrier lifetime and the repetition frequency that is required for the novel 
ring laser to be used as a high repetition rate source for transmission or 
optical logic experiments. The comparison of the experimental and 
theoretical results has revealed an excellent agreement between them and has 
helped to provide a thorough explanation of the mode - locking process. 
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Abstract: A method using packet flows to create a wavelength topology is shown to 

reduce the hop-count in a packet-switched network. The wavelength cross- 
connect function is achieved by opaque cross-connects, providing full 
wavelength conversion. Simulations on a 5-node, an 11 -node and a 26-node 
network are done for different number of ports per node and wavelength 
channels per link. 



1. INTRODUCTION 

The use of optical layer functionality is still in its infancy. DWDM has 
since the mid-nineties been widely deployed by Telcos to overcome fibre 
exhaust. Apart from using WDM as a capacity booster, other optical layer 
functions are uncommon. The fact that optical layer functionality on the 
wavelength level is very simple and potentially cheap has however lead to 
increasing interest in optical network elements such as optical add/drop 
multiplexers (OADM) and optical cross-connects (OXC). While static 
OADMs are becoming deployed as a means of reducing network cost, /!/ the 
reason for using OXCs is presently mainly due to protection 111 or reduction 
of personnel /3/. However, new optical layer functions using OXCs for 
traffic engineering (load balancing and redirection of traffic) and Class of 
Service are proposed /4,8/. 
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In order to implement the OXC a technology choice must be made. First, 
should the OXC work entirely in the optical domain, i.e. optically 
transparent, or is optical/electrical conversion allowed? If a transparent OXC 
is desired, common switch-technologies include opto-mechanical, thermo- 
optical (e.g. polymers), electro-optical (e.g. LiNbOa) or acousto-optical. Of 
these, mainly the opto-mechanical has gained commercial interest, while 
new micro-mechanical switches (MEMS) are emerging as a strong candidate 
/5/. Transparent OXCs always impose some limitation on the optical 
network, e.g. maximum size or capacity. Opaque OXCs (including o/e 
conversion) can to a large extent relax size/capacity issues by using standard 
electrical regeneration. To assure flexible networking, the regeneration 
should be multi-rate and such circuits are commercially available today. 
Apart from being small in size, electrical switch-cores are cheap, can be 
made with a large number of ports and exhibit fast switching speeds (lO’s of 
ns). The drawback with electrical switch-cores is the limit on maximum bit- 
rate per port. 2.5 Gb/s is the limit of commercial products today. 

In this paper, a method for using opaque OXCs to connect packet- 
switches in a dynamic way is proposed. The logical network topology' is 
adapted to the traffic demand by an optical network management system. 
The key questions in this study are: 

1. how much can one benefit from having a re-configurable physical 
network when traffic demands change^ 

2. how this benefit depends on number of nodes, router ports and 
wavelengths per fibre. 

The gain is measured as the reduction in number of router hops. A field 
trial evaluating the OXC implementation and optical layer functionality is 
described elsewhere 161. 



2. NODE AND NETWORK MODEL 

Figure 1 shows the node model used. On top of the (opaque) OXC is the 
packet switch (e.g. IP-router) interfacing the OXC with a number of optical 
ports. The OXC is characterised by the number of input (=output) ports 
which is equal to the number of wavelength channels of all input links plus 
the number of add (=drop) switch-ports. With this OXC, wavelength 
conversion is performed in every node. In the following, the number of ports 
refers to the switch-ports and not all of the ports of the OXC. 

* The virtual topology consisting of reconfigurable wavelength channels connecting the 
switches (or routers) via the OXCs. 

^ A similar study is presented in 191 for a 14-node network. 
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Figure 1 The node model 



The physical network models are shown in figure 2. with b) originating 
from the COST239 project 111. 




Figure 2 The physical network models, a) 5-node, b) 1 1-node and c) 26-node. 

Each node includes an OXC. 

The average node degrees of the three networks a-c) are 2.80, 2.91 and 
3.46 respectively. Thus, all networks used are meshed to varying degrees. 



3. EXAMPLE 

The simulated traffic demands are randomly generated as a uniformly 
distributed variable from 0 to 100 uni-directionally for each node pair. Table 
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1 shows an example for the 5-node network. (The demand from node i to 
node i is set to 0) 



To\From 


Nodel 


Node2 


Nodes 


Node 4 


Node 5 


Nodel 
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Node 2 
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Table 1 Traffic demands by randomly generated number of packets. 



The demands are then summed for each pair and ordered so that a list of 
demands is given. (E.g. the combined demand from node 4 to node 5 is 
88+17=105.) The resulting list would be; 



Demand # 


Node nr. 


Node nr. 
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2 


187 
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43 


10 


3 


4 


16 



Table 2 Ordered list of traffic demands from table 1. 



From this list the bi-directional wavelength connections in the network 
are made in sequence using the Dijkstra algorithm for shortest path 
calculation as described by the psuedo-code in figure 3. 



OptimizeNet_Simple(physical_Net, Demands) 
logicaLNET <- null; 
for k 4- 1 to NumberOf(Demands) 
do node_a,node_b <- Demands(k) 

if connected(NET,node_a,node_b) & exist_port(node_a)& exist_port(node_b) 
then sp <- connect_shortest_path(NET,node_a,node_b) 
add_path(logical_NET,sp) 
check_full_connectivity(logicaLNET) 
return logicaLNET 

Figure 3 The pseudo-code of the proposed method. 



Figure 4 show the physical and logical networks and the paths through 
the network when using table 2. Here, the number of ports per node is set to 
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two. As a result demand 5 is excluded since node 1 used its ports for 
demands 1 and 2. However, bypass traffic through node 1 can still be 
handled if free WDM-channels are available. Demands 6-9 are also excluded 
due to the same reason. Thus five demands are satisfied, which equals half 
the number of nodes times the number of ports per node. This characterises 
the proposed method: the demands with largest traffic are assigned a 
wavelength channel until either the ports or WDM channels are depleted and 
the other demands must go through one or more additional switches (routers) 
to reach their destination. 

The average number of hops is now given as the number of packets in 
table 2 times their respective number of hops divided by the total number of 
packets. Demands 1-4 and 10 are single-hop while the rest are two-hops. 
This gives: ((187+171-1-167+1 13+16)+(106+105+89+56+43)*2)/1053= 

1.3789 






Paths in Network 



Figure 4 The five-node physical network and the logical network and 
paths resulting from table2. 

A new random demand is shown in table 3. 



To\From 


Node 1 


Node2 


Nodes 


Node 4 


Nodes 


Node 1 


0 


63 


93 


8 


15 


Node 2 


29 


0 


71 


6 


24 


Nodes 


77 


32 


0 


6 


24 


Node 4 


15 


35 


16 


0 


87 


Nodes 


62 


26 


71 


24 


0 



Table 3 New randomly generated number of packets. 



If now the average number of hops is calculated using the logical 
network of figure 4, the result for table 3 would be 1.5106 which is an 
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increase of 9.6 % compared to the result when optimising the logical 
network from table 2. 

Some list of demands result in logical networks that are not connected. 
E.g. if the demand list for the 5-node network, with 2 ports per node, started 
with 1-2, 1-4 and 2-4, the nodes 3 and 5 can only communicate with each 
other and the network is not connected. The algorithm in Figure 3 checks for 
such cases and if so, a re-start is made. 



4. RESULTS 

In all cases the number of ports per node is lower then the (number of 
nodes-1) in the network. Thus, full wavelength-connectivity in the networks 
can not be achieved and benefit from re-configuring the wavelength 
connections is possible (more than one wavelength channel per node pair is 
not considered). In the following, wavelength connections are referred to as 
“logical connections”. 

Starting with the 5-node network, average hop-count for 4 random 
demands was calculated resulting in 4 optimised logical networks. (The 
reason for choosing 4 demands is a compromise between readable graphs 
and the need for sufficient statistics). On these 4 optimised logical networks, 
average hop-count for the other demands (i.e. not the ones used for 
optimising the logical network) was calculated resulting in 4* (4-1)= 12 
values. The top graph of figure 5 show these results for 2 and 3 ports/node 
with 3 WDM-channels per link. Each star represents an optimised case and 
the solid line connects the two numbers of ports for that demand. The circles 
and dashed lines represent the non-optimised results. The bottom graph of 
figure 5 show the non-optimised results in percentage increase relative to the 
optimised case. 
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Figure 5 Average number of hops (top) and increase in average number of hops relative 
to the optimised case (bottom) for 4 demands. Stars are for optimised results 
and circles for non-optimised. 

Another way of representing the result for optimised and non-optimised 
logical networks for different demand is by using histogram plots. Figure 6 
show the number of packets vs. the number of hops for 4 demands. The left 
graph show the result for an optimised logical network (using demand 1) and 
the three others are for different demands applied to the logical network 
optimised according to demand 1 . 

The same calculations are made for the 1 1-node network with the results 
showing in figures 7,8 for 4 WDM-channels per link, figures 9,10 for 6 
channels per link and figures 11,12 for 8 channels per link. To assure 
connected logical networks the minimum number of ports is 3. 
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Figure 6 Number of hops vs number of packets for an optimised logical network (left) 
using one demand and for 3 other demands applied to that logical network (i.e. non- 
optimised). Ports=2 and WDM channels/link=3. The average and standard deviation 
are shown in each graph as (Av;Std). 




23456789 10 

No. di ports 




Figure 7 Same as figure 5 but for the 1 1 -node network with 4 WDM-channels per link. 
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Figure 9 Same as figure 5 but for the 1 1 -node network with 6 WDM-channels per link. 
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Figure 12 Same as figure 6 but for the 1 1-node network with 8 WDM-channels per link 
and 3 ports/node (top) and 9 ports/node (bottom). 

As seen in figures 7,9,11, the percentage increase in average number of 
hops is very dependent on the characteristics of the demand but grows 
somewhat with the number of ports/node. The average number of hops 
decrease with the number of ports as expected until the number of ports 
approaches the number of channels per link, where an increase is evident. 
The reduced number of hops with more ports is also made clear by figures 
8,10 and 12, as well as the benefit of optimising the logical network. 

The same calculations are made for the 26-node network, with the results 
shown in figures 13, 14 for 8 WDM-channels per link, figures 15, 16 for 12 
channels per link and figures 17, 18 for 16 channels per link. To assure 
connected logical networks the minimum number of ports is 4. 
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Figure 14 Same as figure 6 but for the 26-node network with 8 WDM-channels per link 
and 4 ports/node (top) and 10 ports/node (bottom). 
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Figure 17 Same as figure 5 but for the 26-node network with 16 WDM-channels per link. 




Figure 18 Same as figure 6 but for the 26-node network with 16 WDM-channels per link 

and 10 ports/node. 

As for the 1 1-node network, the average number of hops decreases with 
the number of ports but the more complex structure of the 26-node network 
makes the interaction of ports/node and channelsAink less predictable. 
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However, a low number of channels/link will at some point increase the 
average number of hops when the number of ports/node increase. The 
percentage of increase in average number of hops is lower (5-10 %) than for 
the 1 1-node network due to longer paths in the 26-node network. 

As seen in figure 14, even for the optimised logical networks the average 
number of hops is larger than 2 due to a low number of ports/node and 
channels/link. In figures 16 and 18, the average number of hops is lower than 
2 due to sufficient number of ports per node and channels per link. 



5. DISCUSSION AND CONCLUSION 

In this study a number of relevant issues have not been covered and some 
additional questions remain. A few of them are listed below; 

The demands were generated randomly for all node pairs in a uniform 
way. In real life, however, other types of patterns are common, e.g. server or 
hub-like patterns where large traffic is carried between a few nodes to/from 
all other nodes while the traffic between non-hub nodes is negligible. The 
benefit of wavelength re-configuration in this case is to be further evaluated. 

The restriction of a connected network can perhaps be relaxed if re- 
configuration occurs frequently. 

An important factor in determining the gain of having a re-configurable 
network is the time-scale upon which demands change. (A typical scenario 
would be the daily change of demand between working areas at daytime and 
residential areas at evening.) Each network reconfiguration will lead to some 
loss and misdirection of packets. Loss of packets might occur when cross- 
connection is done at each OXC while misdirection might occur during 
connection set-up of a path in the network. The loss of packets in the optical 
layer therefore depends on the switching time of the OXCs, which is on the 
order of 10 ns for electrical switch cores, while misdirection of packets 
depends on the speed of the management system controlling the optical 
network. Thus, for each network and type of OXC and for the time/volume- 
characteristics of each traffic demand, an optimal time between network 
reconfiguration can be expected. Also, by introducing signalling in the 
network, complexity (=cost) is added and possible extra capacity is needed. 
Security/reliability in this case is also an interesting issue. 

Another issue relating to packet loss and throughput is the need for 
transfer of information regarding the logical topology state of the optical 
network to the packet layer /8/. 

The reason for re-configuring the whole (sub-)network at once, i.e. 
having a centralised management, is to avoid possible deadlocks in 
decentralised connection set-up. For example, if the IP-routers themselves 
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were to control the attached OXC and negotiate with other routers/OXCs, 
authority over the limited wavelength/port resources is not clear. 

This method relies on the possibility of getting statistics on packet 
numbers and destinations. How this can be realised in practise is not clear. 

In conclusion, it has been shown that physical re-configuration can 
reduce the number of hops in a given physical network. The hop-reduction is 
in the order of 5-25% depending on the demand variation and increases in 
general with the number of ports/node. The hop-reduction decreases 
somewhat with the size of the network. 
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Abstract: This paper addresses the problem of resource allocation in optical packet- 

switching routers under self-similar bursty Internet traffic conditions. The 
contention resolution techniques such as optical buffering and wavelength 
conversion are considered. The router performance is evaluated in terms of 
packet loss probability and buffer overflow probability via numerical 
simulations. Results show that wavelength conversion is a promising 
technique in improving the router performance. Our findings suggest that self- 
similar traffic significantly increases the resource requirement compared with 
similar studies performed using traditional bursty traffic models. 



1. INTRODUCTION 

It is believed that Internet packet traffic will dominate telecommunication 
network capacity in the near future due to the widely used TCP/IP protocol 
suite [1]. Consequently packet-switching routers (PSRs) in the network are 
expected to efficiently handle high throughputs of over 1 Tbit/s. With the 
development of state-of-the-art optical technology, it is possible to 
implement the high-throughput PSRs in the optical domain [2]. 

In designing an optical packet-switching router (OPSR) resource 
allocation is a critical issue to achieve a good router performance in a cost- 
effective manner, in terms of packet loss probability (PLP), buffer overflow 
probability (BOP), packet delay and throughput. Network resources include 
optical buffers, wavelength converters, tunable lasers, etc. Among them the 
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Optical buffers comprising optical delay lines are crucial and integral parts 
of the OPSRs. Due to the fact that light travels on-the-fly and can’t be 
removed from the buffer till the end of the buffering period, optical buffers 
lack flexibility comparing with electronic ones [3]. Moreover the complexity 
of OPSRs increases with the increase of the number of fiber delay-lines; thus 
reduction to the number of optical buffers is preferable. 

Wavelength converters are essential in improving the efficiency of 
wavelength-division multiplexed (WDM) networks for both circuit- 
switching [4] and packet-switching [5] schemes. All-optical wavelength 
conversion is receiving much attention; the main techniques include four- 
wave mixing (FWM), difference frequency generation (DFG), cross-gain 
modulation (XGM) and cross-phase modulation (XPM) in semiconductor 
optical amplifiers [6]. An ideal wavelength converter should possess such 
characteristics as transparency to bit rates and signal formats, fast setup time 
of output wavelength, conversion to both shorter and longer wavelengths, 
insensitivity to input signal polarization, simple implementation, and so on. 

Investigations on resource allocation were reported in the literature 
[5][7], most of which were based on Markovian assumptions where the 
packet arrivals were typically modeled by random processes that decay with 
light-tails, e.g. Poisson distribution, leading to short-range dependence 
(SRD). As a result the router performance can be improved significantly (i.e. 
exponential decay rate) by slightly increasing the resources. For example the 
PLP of a router, with an average packet length of 2, a load per channel of 0.4 
and 18 buffers, was decreased from 10'® to 10'*® with buffers increasing to 
32, or to 10 '‘ by employing 2 wavelength conversions [5]. 

On the contrary, recent studies on traffic traces from packet-based local- 
area and wide-area networks indicated that Internet traffic is characterized 
by random process decaying with heavy-tail [8] [9]. This results in a long- 
range dependent (LRD) process that statistically exhibits self-similarity. The 
self-similar traffic is bursty on a wide range of time scales, a much wider 
range than that is captured by traditional traffic models. 

Since then a lot of work has been carried both on constructing models 
capable of generating synthetic traffic with matching characteristics with 
self-similar process [8] [9] and on evaluating the effect of self-similar traffic 
on network performance [10]. Most of the performance evaluations were 
based on ATM networks, where the cell loss probability and the buffer 
overflow probability were analytically shown decreasing no more than 
hyperbolically under LRD process but decreasing exponentially under 
traditional traffic process [10]. These results strongly suggest that there exist 
necessities to control the self-similarity in the network layer or higher layers 
and to deal with the self-similar traffic in the physical layer with more 
careful manner. Recently some of the protocols in the network layer or 
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higher were reported to control the self-similar traffic. In [11] a selective 
aggressiveness control was adopted for on-line detecting the long-range 
dependence and consequently improving the throughput. In [12] selected 
large traffic bursts were shaped at the local access node, which was shown to 
be capable of decreasing ATM cell loss at a bottleneck queue at the expense 
of increasing the transmission time of a few large files. However the 
efficiencies of these methods are to be further refined. On the other hand, 
there is very little work reported in dealing with self-similar traffic in the 
lower layers, particularly in the optical packet layer. 

In this paper we investigate the resource allocation for optical packet- 
switching routers conveying self-similar bursty traffic. Optical buffers and 
wavelength converters are considered as the main network resources. 
Performance study of OPSRs regarding PLP and BOP is addressed through 
numerical simulations. In the next section the traffic model and the 
simulation environment are described. Simulation results and discussions are 
presented in section III followed by the concluding remarks in section IV. 



2. SIMULATION ISSUES 

2.1 Traffic model 

A process has asymptotic second order self-similarity with parameter 
H = (3-a)l2 if r“P[T>f]->z, as l<a<2, (where Tis the active 

period of traffic and z is a constant) [10]. The larger the value of H , the 
higher the degree of self-similarity. This characteristic can be well described 
as a Pareto distribution with cumulative distribution function (CDF) 
P[X < jc] = 1 - (0 / jc)“ , ( 0 > 0 ). When a < 1 it has infinite mean; a <2, infinite 
variance; and when a >2, it belongs to non-LRD region [9]. Our 
investigations will be based on Pareto distributed random process. 

2.2 Simulation environment 

Traffic process is simulated as a superposition of many sources with 
Pareto distributed ON and OFF periods [13]. An ON period represents a 
packet and is always followed by an OFF period for the interval of two 
consecutive packets. To simplify the simulation, the distribution of ON and 
OFF periods has the same degree of self-similarity, which equals to having a 
channel utilisation of 0.5, and are bit padded in integral time-unit lengths 
suitable for transmission and buffering in optical fibers. The 0 in the CDF 
function signifying the minimum duration generated, is set to 1 in the whole 
simulation processes. Thus the duration of the ON or OFF period is [u 
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in time unit (where {/is a random variable uniformly distributed on [0,1] and 
r*1 indicates the ceiling function). 

The generic router architecture is shown in Fig.l, which has equal input 
and output ports with the same wavelength channels. The core of the router 
is a non-blocking switching network and is controlled by a central control 
unit not shown in the figure. Each packet is directed to any output port with 
equal opportunity. For simplicity a FIFO output buffering is considered, 
which achieves optimal throughput-delay performance compared to other 
FIFO buffering schemes [7]. Wavelength converters are placed between the 
output of the router core and the input of the buffers. With output buffering, 
when two packets compete for the same output wavelength channel, one of 
them is buffered and will not be transmitted until the channel location is 
available. If the buffer is full at that particular moment, the packet is lost and 
the duration of the packet is labeled as buffer overflow moments. With 
wavelength conversion, this packet is translated to another wavelength 
channel at the same output port whose buffer or channel is available, thereby 
resolving the contention and consequently reducing PLP and BOP. All of the 
simulations were performed over 1x10^ time units. 




Figure 1. Generic router architecture under simulation 



3. RESULTS AND DISCUSSIONS 

3.1 Allocation of optical buffers 

Firstly resource allocation for OPSRs with optical buffering is studied. In 
Fig.2 PLP for a 4x4 router (i.e. k=4 in Fig. 1) is shown as a function of 
buffer depth, with a-value being used as a parameter. In non-LRD region 
(o>2) the decay rate of PLP is exponential, which is in good agreement with 
the results obtained by using traditional traffic models [5]. While in LRD 
region (l<a<2) the decreasing rate of the PLP is much less than exponential. 
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The less the a the heavier the tail of PLP. Thus a large amount of buffers 
(much more than several tens) will be needed in order to obtain an 
acceptable PLP of 10'“’ for self-similar traffic in practical networks. 




Figure 2. Packet loss probability vs. buffer depth for a 4x4 router 
with output buffering and different a- values 

The same situation exists when investigating the buffer overflow 
moments in OPSRs. The analytical BOP for the OPSR is developed as 
follows: [10] 



Poverflow ^ 



Ct 

aripCT - 1 ){Et + Ek)'^ 




.-ar+1 



where, ct for ON period distribution {r.}, and 

; ck =aK0^'‘ period distribution {JC,. } , 

and Ek = ckY°° ; a= „ 1 , b = a+\, and h is the buffer depth for a 

^n=l Et + Ek 

wavelength channel. 

In Fig.3 the analytical lower bound and the simulation results of BOP are 
plotted as a function of buffer depth with the number of ports as a parameter 
for the middle degree of self-similarity (a=1.5). As can be seen that both of 
the analytical and simulated results of BOP do not decrease faster than 
hyperbolically with the increase of buffer depth for different routers. In 
addition, BOP increases but the increase rate slows down as the number of 
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port increases. Analytical results show that 10^ buffers will be needed to 
obtain a BOP lower than 10'^ for a=1.5. 




0 5 10 15 20 

buffer depth in time unit 



Figure 3. Comparison between simulated and analytical overflow probability 
for routers with output buffering and ot=1.5 

3.2 Allocation of wavelength conversions 

Next the resource allocation for routers with wavelength conversion 
(WC) and optical buffering is investigated. Fig.4 shows PLP as a function of 
buffer depth for 4x4 router with self-similar traffic of a=1.5. It can be 
observed that PLP decreases with the deployment of WC. Moreover the use 
of WC changes the heavy tail distribution of the PLP, which shows itself a 
promising resource for the future OPSRs. 

To further verify this point the PLP versus the number of WCs is 
depicted in Fig. 5 for a 4x4 router with 16, 50, 100, 300 buffers respectively. 
The super-linear projection lines corresponding to different amount of buffer 
depth are plotted in Fig. 5 as well. As can be seen that PLP decreases two 
orders in magnitude for the case of 6 WCs and 50 buffers comparing with 
the case of 300 buffers only, and decreases one order in magnitude 
comparing with that of 3 WCs and 100 buffers. It can be expected that as the 
number of WCs increases the PLP decreases. The rate of decrease strongly 
depends on the buffer depth. As evidence, with 300 buffers the PLP 
decreases much faster than that with 16 buffers. The projection line for the 
case of 300 buffers indicates that to obtain the PLP of 10 **’ there will need 
12 wavelength conversions. Compared with traditional traffic models, the 
resources required under LRD traffic model are much greater than the case 
of traditional SRD traffic. 
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Figure 4. Packet loss probability vs. buffer depth for a 4x4 router 
with wavelength conversion and a=1.5 




Figure 5. Packet loss probability vs. number of wavelength conversions for a 4x4 
router with different buffer depth and a=1.5 



4. CONCLUSIONS 



A model describing the self-similarity of Internet traffic has been used in 
investigating the resource allocation for optical packet-switching routers. 
The router performance has been evaluated through simulations. It has been 
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shown that optical buffering on its own could not offer adequate router 
performance. The addition of wavelength conversions resulted in a decrease 
of the heavy tail distribution of packet loss probability and thus a better 
router performance. Our work strongly suggests that in comparison with 
traditional traffic models the self-similar traffic does heavily influence the 
resource requirement in the router. 

Acknowledgements: The authors wish to thank Coming Optical Fibres 
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Abstract: Designing arbitrary topologies based on Wavelength Division Multiplexing 

(WDM) rings yields a number of advantages, including fast restoration 
mechanisms, simple network management and control. The optimal design of 
such networks is however a rather complex task, with multiple objectives 
being optimized that can often be in conflict one with another. The paper 
presents a modular methodology that encompasses three fundamental steps in 
designing an arbitrary topology organized as a set of interconnected WDM 
rings. These are the selection of the Ring Cover, the Routing of the inter-ring 
traffic and the Traffic Balancing with Wavelength Assignment (TBWA) of the 
traffic locally on individual rings. After a description of the overall 
methodology, a detailed formulation of the TBWA problem in presence of 
both symmetric and asymmetric traffic demands is given. An efficient 
algorithm that yields sub-optimal solution of the TBWA problem is then 
proposed. Numerical results show that the algorithm finds an optimum 
solution in a number of experiments. 
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1. INTRODUCTION 

Wavelength Division Multiplexing (WDM) technology is fast becoming 
the de facto standard solution to the user’s continuously growing demand for 
high bandwidth connections. At the same time, various customers nowadays 
demand telecommunication networks that are capable of providing highly 
reliable and uninterrupted service. Combined together, these two facts are 
creating an increasing interest in the design of survivable WDM backbones 
with built-in protection mechanisms available in the optical layer. In this 
work we focus our attention on ring-based protection mechanisms as they 
are often used in voice and data networks [10]. 

A ring based network design yields a number of advantages, including 
simplified management and control of the network, and fast restoration 
mechanisms upon link or node failure occurrence. The design of a given 
arbitrary topology in the form of a set of interconnected rings reduces the 
overall network connectivity and hence may limit the number of distinct 
cables that carry working fibers in the final network layout. With a reduced 
number of cables in the system the overall network cost may also be 
reduced. Due to these and other advantages, it is not surprising that ring- 
based network designs are often preferred to other network topologies, e.g., 
meshed topologies, even when these alternative solutions can statistically 
save up to 30-60% of the spare resources. 

It is envisioned that in WDM networks too, a ring-based design shall 
offer advantages similar to those that are found in conventional networks. 
Considering that in a WDM network, the abundant bandwidth is not an 
expensive, nor a scarce resource, the 30-60% spare resource savings of mesh 
layouts may become even less critical from an overall network design 
viewpoint. 

Multiple criteria can be defined to optimally design and dimension WDM 
ring-based networks. In a previous work, the authors considered the problem 
of minimizing the total wavelength mileage [1], defined as the sum of the 
working and protection wavelength miles required in the network to support 
a given set of traffic demands. In [1], an exact Integer Linear Programming 
(ILP) formulation of the problem and a simplified ILP formulation that can 
handle the design of large networks were proposed. In a more recent work 
[2] the problem of mini m i z ing the total number of optical cross-connects 
ports in the network was addressed and a sub-optimal solution based on a 
greedy algorithm was proposed. 

This paper addresses the problem of minimizing the total fiber mileage 
required in a given network with arbitrary topology to support a given set of 
traffic demands. The problem is solved assuming that wavelength converters 
are not available for intra-ring traffic and traffic demands are either 




Flexible WDM Ring Network Design and Dimensioning Methodology 125 



symmetric (e.g., voice traffic) or asymmetric (e.g., client-server data traffic). 
The problem is defined assuming that SONET (2-fiber Bidirectional Line 
Switched Rings) 2f-BLSR like optical rings [10] are used to design the 
network. In order to design a network that is reliable in presence of either a 
link or a node fault, inter-ring traffic is supported through dual homing, i.e., 
at least two cross-connects exist that can interconnect the traffic demands 
between two adjacent rings. 

The total fiber mileage in the network is reduced using a modular 
approach that consists of three fundamental steps. These are the selection of 
the ring cover, the routing of the inter-ring traffic and the Traffic Balancing 
with Wavelength Assignment (TBWA) of the traffic on individual rings. The 
paper briefly describes the first two steps, it then gives a detailed 
formulation of the TBWA problem in presence of both symmetric and 
asymmetric traffic demands. An efficient algorithm that yields sub-optimal 
solution of the TBWA problem is then presented and numerical results for a 
particular network configuration are shown, demonstrating that, in spite of 
its limited complexity (O(F-Nr^) where F is the maximum number of fibers 
per link, and Nr is the number of nodes in the ring), the proposed algorithm 
reaches an optimum solution in a number of experiments. 

Although only the solution of the TBWA problem is addressed in detail 
in this work, it must be noticed that due to its modularity, the proposed 
design and dimensioning methodology can be easily adjusted to optimize 
various objective functions. It can thus provides the designer with a fairly 
efficient and versatile optimization technique to design optical networks 
with ring-based protection schemes. 



2. PLANNING METHODOLOGY 

The presented approach consists of splitting the overall optimization 
problem into a number of sub-problems that can be handled separately and 
solved sequentially. On one hand, it is well known that dividing the 
optimization problem into sequential sub-problems may not result in an 
optimum solution when dealing with a specific cost function, e.g., total 
wavelength mileage [1]. On the other hand it offers a significant 
simplification of the optimization process. Consequently, more system 
parameters can be taken into account during the design optimization, or 
multiple solutions to the problem can be found in a short time interval. In 
addition, it yields a modular solution that enhance the versatility of the 
designed optimization algorithms that can thus accommodate different 
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planning optimization criteria, and satisfy the various, possibly changing 
over time, designer’s needs. 

The planning methodology proposed in the paper consists of three steps: 
the ring cover of the arbitrary topology, the routing of the traffic demands 
between rings minimizing the number of crossconnections, and the TBWA 
in each ring. The variables under optimization can be modified in any of 
these steps to improve the final outcome of the overall design optimization. 

A ring cover is defined as a set of rings such that the union of all their 
spans constitutes the network topology itself. Thus, a ring cover overlaid on 
a network topology ensures full connectivity of the network nodes. The first 
step is to identify the ring cover from a set of candidate rings R. Having an 
independent set of candidate rings gives flexibility to the designer to include 
or exclude a certain set of rings in the design optimization. If the designer 
has already selected a cover for the network, that cover is then entered as R 
and the first optimization step is skipped altogether. In the second step every 
traffic demand is routed over the ring cover from the source node to the 
destination node. This step determines which rings a demand passes through. 
This step allows the designer to choose the routes (in terms of sequence of 
rings) either by means of some standard routing algorithm or manually. In 
the third step the traffic demands assigned to each ring are optimally routed 
(clockwise or counter clockwise) and assigned a wavelength within the ring. 
In this step the X granularity of each fiber, i.e., the number of wavelengths 
per fiber, is taken into account as an input parameter. 

Each step of the proposed planning methodology, with particular 
attention to the TBWA problem, is described next. 

2.1 Ring Cover 

First, an initial (possibly large) set of candidate rings [Ri, R2, ...} is 
generated according to the minimum and maximum number of nodes 
allowed in each ring. A ring cover is formally defined as a selection of rings 
C = , . . . , j, subset of the candidate rings, such that all nodes 

generating or terminating traffic belongs to at least one ring in C. In 
addition, any ring e C must have at least two nodes i,j such that there is 
at least one other ring Ry e C and i,je Ry. This second condition ensures that 
no ring in the cover is isolated, and any ring is connected to at least another 
ring in the cover via at least two nodes. With the above cover, traffic can be 
routed in such a way that any single node or link fault will not disrupt any 
connection. The ring interconnection can be protected with a drop-and- 
continue mechanism, or by duplication of the Network Element (NE) 
components. Considering the high node availability when compared to the 
link availability, and the fact that the drop-and-continue mechanism requires 
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additional bandwidth in the rings, the solution proposed here is based on 
duplication of components in the ring interconnection nodes. Consequently, 
the scope of the paper is limited to the case of (single) link failure. Dual 
homing between adjacent rings may be still required to allow traffic 
balancing of the inter-ring traffic between the two or more cross-connects 
that interconnect the rings. 

Many objectives can be identified while searching for an optimal ring 
cover, including the minimization of: 



• Total fiber mileage • 

• Total cable mileage 

• Total wavelength • 

mileage • 

• Number of active 
spans 



Number of optical cross connects 
(OXC) 

Number of OXC ports 
Size of biggest OXC etc. 



In this work the ring cover is selected with the objective to minimize the 
sum of the perimeters of the selected rings. 

2.2 Inter-Ring Routing 

Once the ring cover is determined the next step is to route each traffic 
demands across the rings, e.g., see [9]. This step confines itself to identifying 
the sequence of rings that a traffic demand is routed through, but not the 
exact physical path for the working connection. Using the shortest path 
algorithm it is possible to route the demands with the objective of obtaining 
the shortest number of rings crossed, or the smallest sum of ring perimeters, 
or the shortest physical path etc. In the paper the routing of the traffic 
demands is obtained with the objective to minimize the number of rings 
crossed by every demand. The routing of the traffic demands may also be 
done according to some additional engineering rules that are provided by the 
designer and that are external to this design step, e.g. availability of 
wavelength converters. At the end of this step every demand must be 
mapped into a sequence of rings, and an initial selection of the nodes cross- 
connecting each demand between adjacent rings has been made. Once the 
inter-ring routing has been determined, the traffic demands within each 
individual ring can be created by determining the ingress and egress points 
of each demand in the ring. 
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2.3 Routing and Wavelength Assignment in the WDM 
Ring 

The third and last step in the design process is to find, within each WDM 
ring, an optimal routing and an optimal wavelength assignment. As already 
mentioned, among the several SONET-like optical ring architectures, the 2f- 
BLSR architecture is considered in the paper. In a bidirectional ring the 
optical channels are transmitted in both directions of the ring (clockwise and 
counter-clockwise), and the corresponding protection connections are routed 
with opposite direction. Line protection mechanism is considered. The spare 
bandwidth can be shared to protect several connections. Due to the fact that 
all the links on the ring have the same capacity, the actual capacity of the 
ring is determined by the capacity of the link with highest traffic load. If the 
optical channels are symmetric, then for every node pair (i, j) in the ring, the 
channels from i to j and the channels from j to i must use the same route. It is 
assumed that the number of wavelengths in the fiber is fixed and half of 
these wavelengths are dedicated to working connections, while the others are 
dedicated to protection. Wavelength conversion is allowed only at the nodes 
that interconnect traffic demands between rings, and only for the inter-rings 
traffic demands. 

The objective of this step is to determine the route for the traffic demands 
in the ring and the working and protection wavelengths that reduce the 
number of fibers in the ring. 

This problem can be demonstrated to be NP-hard, based on the 
demonstration given in [4] for a similar problem. In this section we will 
define the mathematical formulation of this problem. We also present a 
heuristic algorithm which solves this problem in O(F-Nr^) time, where F is 
the number of fibers per link, and Nr is the number of nodes in the ring. 



2.3.1 Problem Formulation for Symmetric Connections 

Given a graph G(N,E) representing the arbitrary topology under design 
optimization, we consider each ring separately. We define a graph 
representing each ring R as R(N„ Er) where Nr is the set of nodes in ring R, 
and Er is the set of spans in ring R. 

We assume that the channel protecting a working channel must use the 
same wavelength assigned to the working channel. As a result, wavelength 
conversion between the working and the protection channels is not required 
when a fault occurs. Furthermore we assume that bidirectional line shared 
switched ring architecture is used, therefore, wavelength channels dedicated 
to protection can be shared among a number of traffic demands. Based on 
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these assumptions, we formulate the following a Integer Linear Problem 
(ILP) formulation that minimizes the number of fibers necessary in the ring 
to fulfill the traffic requests and ensure 100% protection against any single 
link fault. 

Given: 

W : Maximum number of wavelength per fiber 
dy : Number of bidirectional optical channels in ring R between source 
destination pair i,j, (sum of both intra-ring traffic and inter-ring traffic) 
Pd(i,j) ■ Available path in direction d of the ring for the connection 
from node i to node j, where cl is 1 for the clockwise direction, and 2 
for the counter clockwise direction. 

Ld : Set of links in the ring oriented along direction d, 
obviously L,[JL 2 = 

Decision variables: 

: 1 if source destination pair i,j is assigned wavelength w 

in fiber/in direction d of the ring 
0 otherwise 

•. 1 if wavelength w in fiber /, is assigned to some 

connection routed in 

direction d of the ring 
0 otherwise 

: 1 if wavelength w in fiber / in direction d of the ring is 

necessary 

for protection 
0 otherwise 

F^'^ : 1 if fiber /is in direction of the ring is used, either for 

working connections 

or for protection channels 
0 otherwise 

The problem can be formulated as follows: 

Minimize 

f d 

Subject to: 

W ■F^‘^ +E^^“), d = {\,2) V/ ( 1 ) 

w 

X S(£/'+ j VysW, (2) 

•V / 

'^Ef <1 V/£L„V/,Vw,rf = {l,2} 



(3) 
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5 ^ d = {1,2} V/ Vw 


(4) 


iJeNr 




1 

II 

1 

II 


(5) 


V/ Vw, d = {\,2] 


( 6 ) 




(7) 


w f w f 




E,Wfl ^ ^ pwfd ^pfd^ J J 




with K >0, big enough. 





The objective is to minimize the number of fibers in the ring. Restriction 
(1) permits to use at most W wavelengths for working or protection purposes 
in fiber / and direction d. Restriction (2) guarantees that the offered traffic 
demands are fulfilled. Restriction (3) ensures that on each link, in each 
direction, on each fiber, a wavelength can be assigned to at most 1 
connection. Restriction (4) guarantees that if any working connection is 
using wavelength w in fiber /and in direction d, then this wavelength has to 
be assigned for working traffic and cannot be used for protection. Restriction 
(5) guarantees for each assigned working wavelength, the existence of a 
protection wavelength on the counter rotating fiber. Restriction (6) 
guarantees that every wavelength in each fiber is assigned to protection or 
working connections but not to both of them. Restriction (7) guarantees the 
use of the same route for bidirectional connection demands. 

2.3.2 Heuristic Algorithm for Symmetric Connections 

The algorithm comprises five steps. The routing of the demands in 
the ring is solved in the first four steps, the wavelengths are assigned 
in the last one. 



Step 1. Initial Routing 

Each demand is routed through the ring minimizing the number of hops. 
NCij : Number of optical channels between source destination pair i- 
j that are crossing link /, iJeNr, l&Er. 

Step 2. Determine the Link Load 

For each link, calculate the number of channels per link: 

Ci.'= 

iJeNr 

The link /* with highest traffic load is calculated as follows: 
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Cl! = maxjcL^ }=CL 

leEr 



Step 3. Optimize the Routing 

The objective of the algorithm is to reduce CL. This maximum is reached 
on link /*, l*eEr. Then, some demands routed through I* should be re- 
routed in the opposite direction of the ring. 

S = li,j)/i,jEN^,NC‘*>o\ set of demands that could be re- 



routed. 

Repeat for each source destination pair i*-j*e S 
L’={1g L I link 1 will be crossed if the connection (i*,j*) is re-routed} 



Maxi = max 
lev 



Swc,; 



Number of channels i*-j* to be re-routed; 

A(i*, f) = min^ (CL - Maxi), NCltj , } 

It is easy to show that this algorithm solves the routing problem in 0(N!) 
time, where Nr is the number of nodes in the ring. 



Step 4. Selection of the Node Interconnection 

For each external connection to the ring it is necessary to decide the 
interconnection node. An initial assignment was done in a previous module 
(Sec. 2.2), while mapping the traffic demands over the rings selected for the 
cover. After step 3 some working connections may have been re-routed 
along the ring, this has a direct impact on the OXC node selection. The OXC 
node selection, i.e. the ring interconnection nodes, for each demand may 
have to be reselected in order to guarantee that after balancing the total 
demand length, in terms of number of hops, is still minimal, eliminating the 
loops between OXC that could be produced by the balancing algorithm in 
each ring. 

Step 5. Wavelength assignment 

When the optimal routing has been obtained, these demands have to be 
assigned to one wavelength minimizing the number of fibers in the ring. 

It is not possible to evaluate the exact number of wavelengths necessary in 
each ring, because wavelength conversion is not permitted, however it is 
possible to find a lower bound and an upper bound. The maximum number 
of working wavelength necessary in each direction is; 

= lCL-\ 
and the minimum number is; 
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Then ws assign each demand to a wavelength along the ring, we 
expect a number of working wavelengths, in each direction of 
propagation, to be: 

nww^„<nww<nww^^ 

Then we calculate the number of fiber pairs necessaries in each link of the 
ring as: 



m = 



2-nww 

W 



, where W is the number of wavelength per fiber. 



Demands are uniformly distributed among these fibers. In each fiber half of 
the wavelength are assigned to working connections and the other half to 
protection channels. This TBWA problem is solved in O(F-Nr^) time, where 
F is the number of fibers per link 



2.3.3 Problem Formulation for asymmetric connections 



The formulation is the same one used for the symmetric connections, except 
that restriction (7) is not necessary due to the connection asymmetry. 

2.3.4 Heuristic Algorithm for asymmetric connections 



Step 1. Initial Routing 

The same as the ones defined for symmetric traffic 

Step 2. Determine the Link Loading 

Same as that defined for symmetric traffic, but calculated for each 
direction of the ring: 

Cl!' = V/eL, 

i,JeN,\leP,(iJ) 

a!^ = \/leL, 

i,je.N,\le.P2(i,j) 

The links li*,and I 2 * with highest traffic load will be calculated as follows: 
CL'i = max^i | Clf^ = maxjcL'^ } 

l^Er leEr 
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Step 3. Optimize the Routing 



* 

The objective of the algorithm is to minimize CL = max j CL ^ , CL ^ 



This maximum is reached in the link 1*, l*e Ep Then, some demands routed 
through li*,l 2 * should be re-routed in the other direction of the ring. The 
following steps are repeated until no more connection can be re-routed, and 
then go to step 4. 

• If CL = cl' ' , then = |(i, j) / i, jE N,., NCjj > o| set of demands 



that could be re-routed. Sort this set in decreasing order of the number of 



links crossed for each demand. Repeat for each pair (i*,j*)e S‘' 
L’={1gL / link 1 will be crossed if the connection (i*,j*) is re-routed} 



Max2 = max 
lev 



lNC‘ 

iJeNr 



Number of channels i*-j* to be re-routed: 
CL - Max2 



A(i*, j*) = min-^ 



,Nci:j. 



• If CL = cL ^ , the process is similar to the previous one when CL = CL\ 
but with the other direction of the ring 



Step 4. Selection of the Node Interconnection 

The same as the one defined for symmetric traffic 

Step 5. Wavelength assignment 

The same as the one defined for symmetric traffic 



3. NUMERICAL RESULTS 

A long distance network has been selected in order to apply the above 
methodology. 

The initial set of rings comprises 170 rings and the result obtained by 
ring cover optimization, as depicted in the figure 1, is formed by only 10 
rings. 
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Figure 1. Ring cover result 



We have applied the presented design methodology to the network in Figure 
1, assuming asymmetric traffic demands. In order to illustrate the behavior 
of the TBA, the network has been also dimensioned without balancing the 
traffic in the rings. The main results are represented in the Table 1. As we 
can see after the Traffic Balancing the fiber length has been reduced around 
20%, and around 7% the total wavelength mileage. 

In Figure 2, for each link in the network the necessary number of fibers 
calculated by the proposed heuristic is reported, with and without traffic 
balancing. After the traffic balancing more than 15% of the links need 6 
fibers. Less than 5% of the links need 4 fibers. As indicated in the figure, 
around 6% of the links do not need any fiber, i.e., the links are not covered. 
This is an acceptable result since the objective of the design is to protect all 
the generated demands, and not necessarily all the links of the arbitrary 
topology. 





No Traffic 

Balancing Algorithm 


After Traffic 
Balancing Algorithm 


Fiber Length 


200,276 


247,613 


Working Wavelength 
miles 


616,487 


535,963 


Protection Wavelength 
miles 


1,310,450 


1,541,330 


Total Wavelength miles 


1,926,937 





Table 1. General Ring Dimensioning Results 
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Number of fibers 




No traffic balancing algorithm 



Number of fibers 




After traffic balancing 



Figure 2. Ring dimensioning results 

We have compared the results obtained by this algorithm with the LP 
formulation presented in the previous section. Although the two approaches 
find different solution to the TBWA problem, for every ring chosen to cover 
the network in Figure 1 the same number of fibers was found by both 
techniques. For these rings and given traffic demands, the proposed 
algorithm finds an optimum solution to the TBWA problem. To illustrate the 
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difference between the results obtained by the LP formulation and the 
proposed algorithm, Figure 3, Tables 2 and 3 contain the routing and the 
wavelength assignment for one of the rings in the network. The objective of 
the ILP is not balancing the traffic in the ring, so in most of the cases routing 
and wavelength assignment obtained by each method will be different. 




Figure 3. Ring 4: Links Loading 



Traffic 

Demands 


Fiber 1 


Fiber 2 I 


Clockwise 

direction 


Counter- 

Clockwise 

direction 


Clockwise 

direction 


Counter- 

Clockwise 

direction 


16->21: 1 


Wi 








16->45:18 


W2, W3, W4, W5, 
W6, W7, Wg 


Wio, Wii, Wi2, 

Wi3, Wi4, Wi5, 
Wi6 


Wi, W2, W3, W4 




16->29:3 




W9 




W9, Wio, 


16->71:2 








Wii, W12 


21->45:1 






W5 




45->71:2 


Wi, W2, 








Protection 
in the ring 


W9,Wio, Wii, 
Wi2, Wi3, Wi4, 
Wi5, Wi6 


Wi,W2, W3, W4, 
W5, W6, W7, Wg 


W9, Wio, Wii, 
W12, 


Wi, W2, W3, W4, 
W5 



Table 2. Ring 4: Wavelength Assignment obtained by the heuristic algorithm 
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Traffic 

Demands 


Fiber 1 


1 Fiber 2 I 


Clockwise 

direction 


Counter- 

Clockwise 

direction 


Clockwise 

direction 


Counter- 

Clockwise 

direction 


16->21: 1 






Wi 




16->45:18 


Wi, W3, W4, W5, 
W7, Wg 


Wii, W12, Wi 4 , 
W16 


W3, W4, W5, W7, 
Wg 


W12, Wi 4 , W16 


16->29:3 




W9 




W9, Wi5 


16->71:2 




Wi 5 




Wio 


21->45:1 






Wi 




45->71:2 


W4 




Wi 






W 9 ,Wii, W12, 
Wi 4 , W15.W16 


Wi, W3, W4, 
W5, W7, Wg 


W 9 ,Wio, W12, 
Wi 4 , Wi 5 , W16 


Wi,W3, W4, 
W5, W7, Wg 



Table 3. Ring 4: Wavelength Assignment obtained by the ILP 



4. CONCLUSIONS 

Due to complexity and nature of the problem, the overall optimal design of 
an arbitrary topology based on WDM rings cannot be obtained for practical 
network sizes, in sub-second time. The paper has therefore proposed a basic 
framework for a fast, versatile and interactive ring network design tool that 
circumvents the complexity problem by subdividing the optimization 
problem into three sub-problems. Each sub-problem is optimally resolved 
individually and sequentially by means of relatively simple and fast 
algorithms. In particular, the paper has proposed a complete methodology 
for designing and dimensioning optical ring based networks. A practical 
example was shown based on the following assumptions. 1) The ring cover 
is selected with the objective to minimize the sum of the perimeters of the 
selected rings. 2) The routing of the traffic demands is obtained by 
minimizing the number of rings crossed by every demand. 3) The routing 
and wavelength assignment for the traffic demands within each ring is 
determined with the objective to minimize the number of fibers in the ring. 
Additional optimization modules may be added as and when the design 
objective changes. Moreover, with the proposed design methodology the 
intermediate results at the end of every optimization step can be observed 
and manipulated by the designer. In conclusion, the paper has presented a 
practical and versatile approach to designing WDM ring based networks. 
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Abstract: In this paper we consider the routing of wavelengths in an interconnected 

WDM ring network, based on Optical Channel Dedicated Protection Rings 
(OCh-DPRing). We developed an integer linear programming and an efficient 
heuristic solution method and compare both methods. Furthermore we present 
results on network cost and availability for different network and ring sizes. 



1. INTRODUCTION 

The Wavelength Division Multiplexing (WDM) technology enables to 
multiplex several optical signals together on one single fiber. Due to the 
increase in the amount of backbone traffic in recent years, public network 
operators have adopted WDM as an economic alternative to upgrade the 
capacity of the point-to-point fiber links in their long haul network [1]. As 
WDM technology further matures, all-optical networking will become 
possible through the use of optical add-drop multiplexers (OADM) and 
cross-connects (OXC), leading to a (re)configurable optical layer [2]. In such 
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a configurable optical layer, data can be routed on a wavelength basis (along 
so-called lightpaths), and different client layer signals can be supported on 
separate wavelengths, such as SDH, PDH, ATM and IP traffic. Wavelength 
routing allows to lower the transmission costs by reducing the amount of 
optical-to-electrical conversions as well as the required amount of electrical 
processing capacity. As all-optical networking becomes a reality, also 
survivability in the optical layer will gain importance [2]. Due to the increase 
of traffic by the deployment of WDM, a single fiber cut potentially affects 
hundreds or thousands of client layer connections simultaneously. By using 
WDM recovery, all these failures can be tackled at once and no protection 
resources need to be allocated in the client layers. In addition, optical 
recovery also offers transparent survivable support for services which do not 
have their own recovery mechanisms. 

A first step towards a survivable optical layer is seen through the use of 
WDM rings [3]. Since components and management for rings are simpler 
than for meshed networks, OADMs for ring architectures are expected to be 
earlier available at the market than OXCs. Indeed, fixed OADMs (capable of 
adding/dropping a limited set of fixed wavelengths) are already available 
from some vendors today, while reconfigurable OADMs - also capable of 
performing protection switching - are expected in the forthcoming years. 
First generation WDM ring architectures will be based on so-called optical 
channel dedicated protection rings (OCh-DPRing), protecting traffic on a 
wavelength basis. An OCh-DPRing consists of two counter-rotating fibers, 
with WDM deployed on each fiber. Each wavelength demand is protected 
using a main path along one side of the ring and a dedicated backup path 
along the other side of the ring. When a link or node failure occurs within 
the ring, the traffic can be switched over to the protection path, as illustrated 
in Figure 1. 
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Figure la: OCh-DPring Figure lb: OCh-DPring after failure 



In the OCh-DPRing based on 1 -h 1 protection, traffic is duplicated at the 
transmitter side (e.g. using an optical splitter) and the best of both signals is 
selected at the receiver side (e.g. using a 2x1 switch). Single ended 
protection switching occurs based on the monitoring information of the 
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optical channel (hence no signaling protocol is required), which makes the 
implementation conceptually simple and allows fast protection switching. 

The routing of bi-directional protected traffic on an OCh-DPRing is 
trivial since the main and protection paths of each demand, use both sides of 
the ring. As such, every demand is carried over every section of the optical 
ring. The utilization of every section - and the required ring capacity - is thus 
equal to the total demand. While single OCh-DPRings are straightforward to 
plan and operate, backbone networks based on OCh-DPRings typically 
consist of a multitude of interconnected rings. Building a network based on 
such a set of interconnected rings is a complex task, which consists of 
finding a minimum cost combination of interconnected rings, such that all 
demands in the network can be supported. While initially overlapping rings 
can be created such that no interconnection between rings is required, ring 
interconnection is a long-term requirement for an economical, reliable and 
manageable large-scale ring network. The rings can be interconnected 
logically in two ways, either by defining a hierarchy as in [4], or in a flat 
way without defining a hierarchy. In this paper we study the design of a flat 
interconnected ring network within an existing fiber topology. 

The main tasks in the ring design process consist of finding communities 
of interest between which to deploy the rings (i.e. ring selection), and routing 
inter- and intra-ring traffic on the selected interconnected rings. In a 
hierarchical network, the second phase of this design process is trivial 
because the routing possibilities are constrained by the hierarchy. In this 
paper we consider this routing process for a flat ring network, which is a 
more difficult problem. The routing algorithms we developed can then be 
used as a phase in the ring selection process, or they can be used as a stand- 
alone process for dimensioning an existing network with already determined 
rings. When the routing algorithm is used as a phase in the ring selection 
process, it has to be executed a large number of times, in order to evaluate a 
large set of possible ring combinations. Therefore, it is of paramount 
importance that the routing algorithm is sufficiently fast. In this paper we 
present a fast and simple heuristic, that has shown to yield close to optimal 
results, and can thus be used for this purpose. 

In section 2 of the paper, we discuss the givens and assumptions of the 
problem formulation. In section 3, solution methods are presented, both 
using integer linear programming and heuristic techniques. In section 4 we 
present some obtained results, by comparing the different algorithms and 
describing the effects of different network and ring sizes on network cost 
and availability. Finally, section 5 concludes the paper. 
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2. PROBLEM FORMULATION 

We consider the physical network topology to be given as a set of cables 
(or links) L and a set of offices (or nodes) N. We also know the ring-sites R, 
i.e. the positions were OCh-DPRings can be deployed. If a site r&R, passes 
through office n& N, then s{r,n) = 1 (otherwise 0). 

In a ring-site, an OCh-DPRing can be deployed by using one fiber pair in 
the cables, and one OADM in the offices along which it is routed. This can 
be seen in Figure 2, in which a simple 9-node network with 4 rings is shown. 
In the optical transmission section (OTS) layer, the physical network 
topology is represented, while in the optical channel (OCH) layer, the OCh- 
DPRings are represented. 




Figure 2: Physical network topology (OTS layer) and rings (OCH layer) 

The demand dy expresses the amount of bi-directional wavelengths that 
have to be routed and protected between each two different offices ie N and 
j & N Each demand is protected in each ring in which it is routed 
(which allows to independently recover from multiple failures occurring in 
different rings) and traffic exchanged between 2 rings is protected using drop 
& continue as in SDH rings [5], which results in a very secure architecture. 

We assume that at least one ring-site passes in each office, and the ring- 
sites are connected, such that all demands can be routed. The interconnection 
between two different rings is assumed to be hard-wired (i.e. without the use 
of cross-connects) and is performed in at least 2 different offices (to allow 
drop & continue). 

We consider a network design based on a homogenous set of rings, i.e. 
all rings in the network are of the same type. In our case this means all rings 
are OCh-DPRings with the same amount of wavelengths W. 

We consider the following generic cost model: 
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- A ring cost C""* for each ring to be deployed on ring-site reR: this cost 
includes the fixed installation costs of the ring, fiber costs, amplifier 
costs, OADM costs, . . . 

- A routing cost for routing one wavelength on a ring on ring-site r 
e R: this costs accounts for the modular components of the ring that can 
be installed on a wavelength basis (e.g. tributary cards, transponders). 

- An interconnection cost C'"'" : the cost for interconnecting a wavelength 
between 2 rings (e.g. transponder cost). 

The integer variable x(r) represents the amount of OCh-PRings to be 
deployed in each ring-site r e R. When multiple rings are deployed in the 
same ring-site r (i.e. when x(r) > 1), these rings are referred to as stacked 
rings. 

Each demand dij can be routed along a number of possible paths py e Py. 
Such a path consists of a number of interconnected ring-sites (in section 3 
we will discuss how these paths are obtained). If ring-site reR is contained 
in path py e Py, then q(py,r) = 1 (otherwise 0). The integer variable y(py) 
represents the amount of traffic that is routed on path py e Py. 

The aim is to minimize the total cost of the interconnected ring network, 
such that all demands can be routed and protected. This can be formulated as 
follows: 



^r).y(Py) 



Minimize: 



reR 



r^R 



ieN jeN PijePij 

j>i 






IgN jeN Pij&Pij \ reR 

j>i 



y(Py) 



Subject to: 

'^y(Pij) = dy y ie N,je N\j>i 

S S S ^^Pij ’ ^yy^Pij ) - V r e R 

ieN jeN p^jeRy 
J>i 

yipij) integer and >0 y iG N,j e N\j> i 

x(r) integer and >0 y re R 

The objective function consists of 3 terms. The first term accounts for the 
fixed ring cost contribution. The second term represents the cost of routing 
wavelengths on the rings. The third term adds the cost of interconnecting 
wavelengths between two rings. The factor 2 in this third term expresses the 
fact that interconnection between two rings takes place in two nodes (to 
allow drop & continue). 
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3. SOLUTION METHOD 

3.1 Equivalent network 

The equivalent network represents the topological relationship between 
the different ring-sites and can be used to assist in the routing decisions 
within the rings. In the equivalent network, each office is represented by a 
separate node. In addition, each ring-site is also represented by a node. Two 
types of links exist in the equivalent network. A link between a node 
representing an office n and a node representing a ring-site r is present if 
s{r,n) = 1. Such a link is called an access link and represents the fact that the 
ring-site passes through this office (and thus traffic injected at this office has 
access to the rings of the ring-site). A link between two nodes representing a 
ring-site is called an interconnection link and represents the fact that both 
ring-sites are interconnected in at least two offices (and thus traffic can be 
exchanged between rings of both ring-sites, using drop & continue). An 
example of a ring network and the corresponding equivalent network is 
given in Figure 3. 



n2 ns 





Equivalent network 



Figure 3: Ring network and equivalent network 
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Traffic between two offices in the ring network can be routed by finding 
a path between the corresponding nodes in the equivalent network. A path in 
the equivalent network should always start and end with an access link, 
while all intermediate links should be interconnection links. Afterwards, the 
obtained path in the equivalent network can be translated again to a sequence 
of interconnected rings in the original network. 

We assign weights w; and capacities c/ to links I in the equivalent network 
in the following way: 

If / is an access link between nodes representing office n and ring-site r: 

^ ring ^ route 

w, =— — + — — 

2.W 2 

c, =W.x{r) 

If / is an interconnection link between nodes representing ring-site r\ and 
ri. 

^ ring ^ route ^ ring ^ route 

' 2W 2 2W 2 

c, =W.min{x(r,),;r(r 2 )} 

As such, the cost of a ring is divided over the links which are adjacent to 
the corresponding node in the equivalent network. The fixed cost is divided 
by the amount of wavelengths on the ring, distributing this cost equally 
among all channels on the ring. The interconnection costs are in turn 
accredited to the interconnection links. 

3.2 Integer linear programming (ILP) solution 

A first way of solving the problem under study is to implement the model 
presented in section 2 in an integer linear programming solver such as 
CPLEX [6]. The set of paths Py we use for each pair of offices is determined 
by searching for the K-shortest paths between the corresponding nodes in the 
equivalent network. The 'optimal' solution can only be found by considering 
all possible paths (i.e. K very large), however this tends to increase the 
computational complexity of the problem considerably. In practice, only 
modest values of K will be considered, which can still result in very good 
results, as will be shown. The ILP solution method is suitable for optimizing 
medium sized problems and to benchmark the heuristic solution method. 
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3.3 Heuristic solution method 

For large-scale problem instances (large networks with a lot of ring-sites) 
the ILP solution method does not scale very well. For this purpose a fast 
heuristic solution method has been implemented. A schematic overview of 
the different phases of the heuristic can be found in Figure 4. 




Figure 4: Heuriatic optimization method 

The heuristic starts by routing the connections dy along their shortest path 
in the equivalent network. After all connections have been routed we can 
determine the amount of traffic routed on each ring-site. From this we can 
deduct the amount of stacked rings required at each ring-site, as well as the 
utilization of each ring. In case multiple stacked rings are present at a ring- 
site, all rings have a utilization of 100%, expect for the last ring in the stack, 
which might have a lower utilization. The heuristic now attempts to 
eliminate some of the rings with low utilization ratios, by trying to reroute 
connections on this ring (or on any other ring of the stack) on a different 
route, not containing this ring-site. On the ring with the lowest utilization 
ratio, we start with the connection that can be rerouted on an alternative 
route, with the least additional cost compared to the cost of its original route. 
The new route is calculated in the equivalent network (along the shortest 
path), in which we first tear down the original route (and adapt the 
capacities), and from which we exclude the current ring and all other rings 
that have no free capacity left. This process of rerouting connections is 
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repeated until no more traffic is present on the last ring of the stack, or until 
no more connections can be rerouted. In the first case the ring is removed if 
the elimination of the ring leads to a cheaper overall solution. If the removal 
does not lead to a cheaper solution, or in the second case, we restore the 
rerouted connections on the current ring and do not remove the ring. In both 
cases the algorithm is continued by searching for the ring with the next 
lowest utilization, and again we try to reroute connections on this ring in the 
same way. This process is repeated until all rings are evaluated. Note that the 
utilization ratios are recalculated in each iteration, because the rerouting of 
traffic of removed rings also affects the traffic on the other rings. 



4. RESULTS 

In this section, we present results for 2 sample networks: 

- a network with 16 nodes, 21 links and a traffic matrix containing 116 

wavelengths 

- a network with 32 nodes, 41 links and a traffic matrix containing 256 

wavelengths 

We consider 16 wavelength OCh-DPRings to be used throughout the 
network. For the 16-node network, we considered a design based on 3 large 
ring-sites or on 7 smaller ring-sites. For the 32-node network, we considered 
a design based on 7 large ring-sites or on 13 smaller ring-sites. 

We used a generic cost model, with the cost of a ring r passing through 
Nr offices and having Ar amplification sites: 

C;'"* =N^.{C‘‘'^ + and C™"'" = 

The used cost values for this case study are: C^'"* = 200, = 50, 

= 40,(T‘’“'" = 20andC‘"“"=10. 

In Figure 5, we present a cost comparison of the different designs, using 
both the heuristic and the ILP algorithm based on the K-shortest path 
algorithm (using K=2 and K=4). The graph also shows the utilization ratios* 
of the different networks. A first observation is that the heuristic yields 
results, which are very close or equal to the results yielded by the ILP 
algorithm. While the heuristic typically takes a couple of seconds or less on 
a 166 MHz Pentium PC, the ILP algorithm takes some more time, but never 
more than a couple of minutes for the considered networks. A second 
observation is that the ILP algorithm with K = 2 (thus only considering the 
shortest and second shortest path in the equivalent network) gives in most 



Utilization = total used capacity / total installed capacity 
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cases the same result than for higher values of K (although higher values of 
K require longer calculation times). 

When comparing the network designs based on different ring sets, we can 
conclude that a network composed of a larger amount of relatively small 
rings results in a lower overall cost, than a network composed of a small 
number of larger rings. Although in a network with larger rings, less inter- 
ring traffic is present, and thus a lot of traffic can be carried on a single ring, 
the total cost is higher. This is because connections typically have long 
protection paths on the rings, thus making inefficient use of the network 
capacity. Even in a single ring, a connection between neighbouring nodes 
takes up capacity on the entire long ring. In addition the connections that do 
require to be routed on multiple rings, consume capacity on almost the entire 
network. In a network with smaller rings, the protection paths on each ring 
are relatively short, and even if a connection is transported on multiple rings, 
the total amount of protection capacity remains reasonable. However, it 
could be noted that one or two large 'overlay' rings might be beneficial for 
transporting connections from one end of the network towards the other end 
in a network composed of smaller rings. 




Figure 5: Cost comparison 

Smaller rings do not only result in a lower overall network cost, they also 
help in increasing the availability of the network. This is reflected in Figure 
6, which represents the expected loss of traffic (ELT), which is the amount 
of traffic that the network is expected to lose per year due to failures [7]. We 
express ELT in STM- 16 hours per year, assuming each wavelength 
transports one STM- 16 signal (=2.5 Gb/s). We have calculated the ELT both 



Utilization ratio 




Dimensioning of non-hierarchical interconnected WDM ... 



149 



for link failures only, and for link and node failures, while considering ring 
interconnection with and without drop & continue. The availability of a 
network element is reflected by its mean time between failures (MTBF) and 
mean time to repair (MTTR); 

- Links: MTBF: 1 failure every 300 km per year; MTTR: 24 hours 

- OADM: MTBF: 100000 hours; MTTR: 6 hours 

- Optical amplifier: 500000 hours; MTTR: 24 hours 








m 



Figure 6: Availability comparison 



From Figure 6 we can indeed conclude that a network composed of a 
large amount of small rings results in a lower ELT, and thus a higher 
network availability. This is particularly evident when only considering link 
failures, as multiple small rings can better survive from multiple link failures 
in the network, because the chance is higher that the different link failures 
occur in different rings. When considering both link and node failures, the 
effect is less strong because a node failure involves the loss of all traffic 
originating/terminating in that node, which is traffic that can not be 
recovered any way. This explains the much higher ELT values for the node 
failures and the small differences between the networks with different ring 
sizes. In fact the difference in ELT for link and node failures between large 
rings and small rings is very small when not considering drop & continue. 
Indeed, larger rings can survive from less multiple failures, but on the other 
hand, they involve less ring interconnections (single point of failure in case 
no drop & continue is used). When drop & continue is used the difference 
between small and large rings is more apparent. The overall effect of drop & 
continue on the ELT values is remarkable, and increases for the larger 
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network. When considering both link and node failures, the ELT almost 
doubles when not using drop & continue. As drop & continue does not 
require any additional ring capacity for OCh-DPRings, it can thus provide a 
substantial increase in availability at a relatively low cost. 



5. CONCLUSION 

We discussed the routing problem in interconnected OCh-DPRing 
networks. We have developed an ILP solution method based on the K 
shortest paths, that gives good results for low values of K. Furthermore, a 
simple and fast heuristic optimization method was developed that performs 
in close range with the optimal result yielded by the ILP algorithm. The 
heuristic is sufficiently fast to be used as a phase in the more complicated 
ring identification process, during which it has to be executed a large number 
of times. 

When comparing routing in a network with a limited set of large rings or 
a large set of smaller rings, the latter architecture is preferred both from a 
cost and availability point of view. Also the impact of drop & continue on 
the overall network availability is substantial and increases as the size of the 
network grows. 
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Abstract: In this paper we clarify the concept of the switchless optical network 

developed in the framework of the ACTS project SONATA. The functional 
model we developed for this kind of network is explained. Some management 
advantages of this kind of network structure are discussed. 



1. INTRODUCTION 

The growing need for bandwidth has led to the introduction of WDM 
(Wavelength Division Multiplexing) in the core network. This technique is 
for the moment mainly used in point-to-point links but in the future the 
introduction of optical cross-connects and add/drop multiplexers, replacing 
the current electrical nodes, may be expected. The general structure of the 
network however will not change: there will still be a distinction between 
access and core part of the network and between transport and switching 
function. The core network will consist of multiple large and complex 
optical nodes connected by high-capacity optical links in a mesh or ring 
structure. Several switching technologies (e.g. ATM, IP,...) will work in 
parallel on this transport layer. The access network will be based on different 
solutions like ATM PONs, xDSL on copper pairs,. . .. 
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The switchless optical network proposed here, is a new and simplified 
network structure developed in the framework of the ACTS project 
SONATA to avoid the need for large and fast switching nodes in the 
network [1], [2]. The distinction between access and transport part of the 
network has completely disappeared. It is basically a single layer all-optical 
network providing end-to-end optical connections between a large number of 
terminals distributed over a wide geographical area. This multiple-access 
network employs both time and wavelength agility at the terminals (a 
TDMAAVDMA protocol) to permit customers to send both connection- 
oriented and datagram traffic over the network. 

The network has a very simple structure with all traffic passing through a 
single node providing passive wavelength routing and, optionally, actively 
controlled wavelength conversion. The network is switchless in the sense 
that there is no need for electrical or optical switches or cross-connects in the 
network, except for the single central routing node. 

The aim of this paper is to provide a functional model for this type of 
network based on the modelling methodology described in ITU-T 
Recommendation G.805 [3]. The use of this type of network modelling is 
very powerful as a foundation for developing network management 
specifications [4]. In section 2 the structure and the concept of SONATA are 
further explained. In section 3 the layer architecture is discussed. Section 4 
describes the functional model developed for this network. In section 5 some 
management advantages of the switchless optical network structure are 
discussed. 



2. STRUCTURE AND CONCEPT 

The structure of a basic switchless optical network is shown in Figure 1. 
On the figure the network structure has been unfolded in a downstream and 
an upstream part to enhance its legibility. The direction of all signals is from 
left to right. 

The heart of the switchless optical network is the passive wavelength 
routing node (PWRN) to which a number (Nj) of PONs (Passive Optical 
Network) are connected. Each PON has a separate fibre for the upstream and 
downstream direction. The customer’s terminals, each containing a 
wavelength agile sender and transmitter, are attached to the branches of 
those PONs. Each PON can transfer data to each other PON (including his 
own) on a dedicated wavelength that traverses the central node. As the 
terminals of each PON have to be able to communicate with the terminals of 
all PONs, a terminal needs a tuneable sender/receiver pair able to 
transmit/receive on Nd different wavelengths. On top of this, each 
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wavelength between a PON pair is shared by the various terminals of that 
PON which results in the need for a TDMA protocol. Time is divided into 
fixed-length timeslots and in a single timeslot the terminals of a PON need to 
use a different wavelength. A sequence of timeslots is further structured into 
fixed-size time frames on each wavelength channel. 




Figure 1. Basic structure of the switchless optical network 



The different optical channels in a PON are multiplexed by the 
successive combiners into a single WDM signal per PON. The network thus 
uses a double multiplexing strategy: one in the time domain and one in the 
wavelength domain. This WDM signal enters the router at an in-going port, 
is demultiplexed and the optical channels are routed to the correct outgoing 
port, based solely on their wavelength, where they are multiplexed with the 
channels routed to the same outgoing port. This routing principle is 
illustrated in Figure 2 for the switchless network structure of Figure 1. The 
WDM signal leaving the central node at each outgoing port is broadcast to 
all terminals of the PON to which the destination terminal belongs. 
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Figure 2. Fixed routing of the wavelength channels in the central node for the basic structure 



As illustrated in Figure 3 the SONATA switchless optical network has a 
number of additional features, described below. 

In general cascaded optical amplifiers are required in the branches of the 
PONs due to the large geographical area covered and the large splitting ratio. 
In such large split “hyper-PONs” a noise gating functional block has to be 
placed after those amplifiers and before the last combiner in the upstream 
direction to avoid accumulation of ASE noise from the not-used branches 
during each timeslot [5]. 

The central node also needs a connection to the central network 
controller, which is responsible for the allocations of the time slots in such a 
way that the network is collision free. 

In order to increase the flexibility and the available bandwidth between a 
PON pair, additional wavelength channels (Ni) are introduced that are 
dynamically allocated to a PON pair depending on the traffic requirements. 
The multiplex coming from a PON now contains Nj+Ni optical channels. 
The central node therefore needs Ni extra in-going and outgoing ports, called 
dummy ports, each of which is connected to an array of wavelength 
converters. The complete structure of the SONATA switchless optical 
network is shown in Figure 3. 
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Figure 3. Complete structure of the switchless optical network 



The extra optical channels are routed across the PWRN to the correct 
outgoing dummy port, based on their wavelength and pass through the 
actively controlled wavelength converter block. Here their wavelength is 
translated to the wavelength needed to reach the correct outgoing port of the 
PWRN. The routing table of Figure 2 is extended in Figure 4 for the 
complete structure. 

To differentiate them from the (direct) wavelength channels that only 
pass the PWRN once, these wavelength channels are called indirect 
wavelength channels, because they also pass trough the wavelength 
converter bank. 
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Figure 4. Fixed routing of the wavelength channels in the central node for the complete 

structure 



With one additional wavelength channel (Ni=l) it is e.g. possible to 
double the available bandwidth for in-PON traffic. We will explain with an 
example how this works. Traffic within PON 1 is transmitted on the direct 
wavelength Xi. The PWRN routes this optical channel from port 1 to port 
r.With one additional wavelength available data from PON 1 is sent on 
^Nd+i. It enters the PWRN on port 1, like all traffic coming from PONl, and 
is routed to outgoing dummy port 1’ (see figure 4). In order to be transmitted 
to PONl, it has to reach outgoing port 1’. Therefore it has to re-enter the 
PWRN with wavelength XNi+i=X 2 . Thus, the wavelength converter has to 
translate ^Nd+i to Xi- 

To further increase the flexibility and not to allocate an entire wavelength 
when only a fraction of its bandwidth is needed, the indirect wavelengths 
will be shared among different PON pairs. In this way one extra optical 
channel can e.g. provide extra capacity between PONa and PONb in the first 
half of the frame and between PONa and PONc in the second half. 

A national scale switchless optical network could have following 
dimensions: 

■ Nd = 400 ports of the central node are connected to a PON 

■ Each PON is connected to 50 0(X) terminals 

■ Nc = 1 port of the PWRN is connected to the network controller 

■ Ni = 400 ports of the central node are connected to wavelength 
converter blocks 
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■ The central node is a 801x801 routing node with 801 wavelength 
channels on each in-going and outgoing port and 0,5 nm spacing 

■ The maximum distance between two terminals is about 1000 km. 

■ Burst mode operation at 622 Mbit/s on an optical channel. 

■ 10 Mbit/s total average rate per terminal 

■ 622 Mbit/s maximum rate per terminal 

■ 200Tbit/s maximum network throughput 



3. LAYER ARCHITECTURE 

A first important task is to find a suitable layering architecture for the 
switchless optical network. As mentioned before this network is considered a 
single-layer network, so it seems contradictory to talk about layering. 
Perhaps the term single-technology network would be better suited than 
single-layer network as the data transferred over the network stays in optical 
form from source to destination terminal. But within this optical 
transmission format several layers can be distinguished with a distinct 
functionality. 

The SONATA concept is based on a mixture of WDM and TDM 
techniques to allow interconnection between the terminals of the various 
PONs. It seems a logical choice to provide separate layer networks for both 
the wavelength and the time dimension. The layering architecture for the 
switchless network consists then of the Optical Transport Network layers [6] 
(OTS, OMS and OCh layers) with a TDM layer on top of them. 

4. FUNCTIONAL MODEL 

Based on the layering architecture we developed a functional model for 
the components of a switchless optical network. Figure 5 shows this 
functional model for the network of Figure 3. The model will be explained 
for the different elements encountered in the network. 

Terminal transmitter 

At the terminal transmitter, the client data format is adapted to the 
timeslot format used in the switchless optical network and stored in the 
terminal buffer. Based on the allocation scheme received from the central 
network controller, the wavelength agile transmitter sends each timeslot of 
information in a particular timeslot of the frame on a particular wavelength. 
The task of the transmitter is thus threefold and spread out over all layers: 
adaptation of the data to timeslots at the TDM/client adaptation function. 
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selection of the right timeslot in the OCh/TDM adaptation function, selection 
of the correct wavelength on which to transmit at the OMS/OCh adaptation 
function. 




Figure 5. Functional model for the switehless optical network 



Combiner 

At the combiner, the signals coming from several terminals within a PON 
are combined. This component acts as a TDM switch whereby the timeslots 
on the same wavelength but in a different optical multiplex section are 
routed to a single transit group that is associated with a single adaptation 
function which time multiplexes the timeslots into the outgoing optical 
channel [4]. Those optical channels are then multiplexed together in on 
optical multiplex. This is illustrated in Figure 6. 

Amplifier 

The next network element encountered by the signal transmitted is the 
optical amplifier. Since the WDM signal is amplified as a whole, the 
functionality of this component has to be represented at the OMS level. 

Amplifier gating block 

At the amplifier gating block, the optical signal is demultiplexed. This 
amplifier gating block is responsible for gating the optical burst signal so 
that the transmission path is interrupted when no signal is present. Since 
gating is done timeslot by timeslot, the signal needs to be adapted out of the 
lower layers into the TDM layer. 




A Functional Model for the SONATA Switchless Optical Network 



159 




Figure 6. A combiner 



PWRN 

The signal then passes the central passive wavelength routing node. A 
mentioned before, a timeslot can be transmitted on a direct or on an indirect 
wavelength. In the former case the timeslot passes trough the central node 
only once and its wavelength cannot be changed. In the latter case the 
timeslot runs trough a wavelength converter. Besides this, an indirect 
wavelength channel can be dynamically reconfigured. This means that 
during one timeslot the wavelength interconnects PONx and PONy, while 
one timeslot later it provides interconnection between PONx and PONz. This 
difference has as consequence that on a direct wavelength routing is solely 
based on the wavelength, which has to be represented at the OCh level, 
while on an indirect wavelength routing is performed on a timeslot basis, 
which has to be represented at the TDM level. 

The functional model of the PWRN is illustrated in Figure 7 for a 
switchless network with two PONs and one additional wavelength. 
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OCH/TOM 

adaptation 

sink 



OMS/OCh 

adaptation 

sink 



We take a look at what happens with the traffic coming from PONl. The 
multiplex section at in-going port 1 is demultiplexed into three optical 
channels. Xi is routed directly to outgoing port 1’ and X 2 is routed directly to 
outgoing port 2’ at the OCH layer. The routing in the matrix at this layer is 
fixed. Xi is the indirect wavelength. Some timeslots per frame on this 
wavelength must be routed to outgoing port 1’, some to outgoing port 2’. 
Therefore the optical channel has to be adapted to the TDM layer, where the 
individual timeslots are routed correctly. The routing in the matrix at the 
TDM layer is not fixed but will change over time. 

Splitter 

In the downstream direction the first new network element is the splitter. 
The signal at the entrance of the splitter is a multiplex of N = Nd + Nj 
wavelengths. The traffic entity that is broadcast to each of the branches of 
the splitter is the characteristic information of the optical multiplex section. 
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The splitter therefore provides a broadcast function at this level via an OMS 
subnetwork [4]. 

Terminal receiver 

Finally the time slotted signal reaches the destination terminal. At the 
receiver, the right wavelength is chosen from the optical multiplex (based 
again on an allocation scheme coming from the central network controller) at 
the OMS/OCh adaptation function. The right timeslot in the frame is 
selected at the OCh/TDM adaptation function. The information in the 
timeslot is finally adapted out of the timeslot format back into the client 
layer transmission format. 



5. MANAGEMENT ADVANTAGES 

The switchless optical network is basically a single-technology all-optical 
network. Because of this, it has some management advantages not found in 
other network structures. 

The shared access concept usually found in access networks is here 
extended to the entire network. All resources of the network are shared 
which results in a lower cost compared to more traditional networks. 

Data, in the format of fixed length timeslots, is transported over the 
network from transmitting to receiving terminal without buffering. The 
timeslots to be transmitted are buffered at the edge of the network and once a 
timeslot is taken out of this buffer it is transmitted without any further form 
of buffering across the entire network until it reaches the terminal buffer at 
the other end of the network. 

The timeslot format used can transport all kinds of formats and protocols, 
both connection-oriented and connectionless. In the case of connection- 
oriented traffic, an integer number of slots per frame is requested at 
connection set-up. At termination of the connection a deallocation request 
has to be sent to release these time-slots. For datagram traffic, a number of 
slots is allocated for the duration of one frame only. 

Because of the reduced number of architecture layers in the network, 
there are no problems due to interworking and co-ordination of the 
management system of different technologies. 



6. CONCLUSION 

The switchless optical network represents an alternative approach to 
networking meant to drastically simplify the structure of future broadband 
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networks. It is a single layer network in which all switching functionality is 
removed from the network nodes and distributed at the terminals, ending in a 
network structure with a single node. 

The paper presented, for the first time, a functional model for this 
network in a four-layer architecture. The model for the various network 
components was discussed. Some management advantages of this network 
structure were discussed. 
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Abstract: A novel concept for transparent link design is presented, and evaluated 

numerically and experimentally. 10 Gbit/s single channel transmission over 
more than 4000 km of Standard Single Mode Fibre is demonstrated. At 
reduced transmission distances, the systems show a high robustness against 
variations of the system parameters. 



1. INTRODUCTION 

Transparent optical WDM-systems are extremely increasing capacity and 
flexibility of today’s information networks. The drawback of the network 
evolution towards transparent WDM is, however, that the almost perfect 
degree of network stability of periodically regenerated SDH-networks is lost. 
Concerning network planning, the complex interaction of several physical 
effects leads to specific limitations of the transmission distance to the so- 
called ‘transparency-length’. In order to make wide use of the benefits of 
transparency, but also to avoid network instabilities, a future WDM-Network 
will consist of Transparent Optical Domains (TD) without 3R-regeneration, 
where a wide variety of data rates, data formats and wavelengths can be 
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transported, and Subnetwork Interfaces (SNI) with 3R-regeneration for the 
interconnection of these Transparent Domains (Figure 1 ). 

A strategy to simplify transparent network design and operation is to 
define so called ‘Normalised Network Sections’ which are cascaded to 
compose a particular transparent domain [1]. 

The optimisation of a specific Normalised Section is done in 2 steps; 
First, numerical simulations are performed for a single channel transmission 
system to identify the optimum parameter range and the system tolerances 
that can be expected. Due to this restriction, the calculation time is still 
within tolerable limits. In a second step, these numerical results are checked 
by experiments. Here, recirculating loop experiments were realised to imitate 
an arbitrary number of cascaded Normalised Transmission Sections. Finally, 
the performance of a WDM system using the so designed normalised section 
will show the limits for WDM transmission. Here, additional effects, e. g. 
Raman Scattering and Cross Phase Modulation [2], have to be taken into 
account. Nevertheless, the optimum range of operation parameters does not 
change significantly. In this paper, the optimisation of Single Channel 
Transmission is demonstrated. 

The final result of this strategy is profound knowledge about the 
maximum extension of an optical network which applies the respective 
Normalised Transmission Section, and the parameter tolerances for network- 
operation. The next section shows an example for this promising approach. 




TD: Transparent Domain 
SNI: Subnetwork Interface 
CS: Client Systems 



Figure 1. Vision of a future Optical Network 
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2. DESIGN AND OPTIMISATION OF THE 

TRANSPARENT DOMAIN 



2.1 Speciflcation of Normalised Transmission Sections 

As the design is performed for a maximum channel data rate of 10 Gbit/s, 
the normalised sections have to be equipped with dispersion compensating 
modules. The arrangement, however, of deployed Standard Single Mode 
fibres (SMF, which are used in most of the European network), chromatic 
Dispersion Compensating Fibres (DCF) and Erbium Doped Fibre Amplifiers 
(EDFA) to compensate for the fibre attenuation, is variable, and may be a 
compromise between performance and costs. 

Figure 2 shows two examples of normalised transmission sections based 
on SMF and Dispersion Compensating Fibre (DCF) using different schemes 
for the chromatic dispersion compensation. In both cases, the compensation 
ratio (CR) as well as the SMF/DCF input power can be varied 
independently. In case of pre-compensation, the additional (dotted) SMF in 
the transmitter section and the corresponding DCF in the receiver section 
allow changes of the so called “pre-distortion”. 




SMP 





CRk* km 
DCF 



RX 



(a) 




(b) 



Figure 2. Normalised sections using pre-compensation (a) and hybrid-split (pre- and post-) 

compensation technique (b) 



2.2 Numerical investigation of the Normalised Section 

Objective of the optimisation process is to find the maximum number of 
cascadable sections with sufficient signal quality at the receiver. Therefore 
the power launched into the SMF, the power launched into the DCF, and the 
dispersion compensation ratio were independently varied. Table 1 gives an 
overview of the system parameters of the experimental setup (section 2.3) 
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which were also used in the simulations. This numerical simulations were 
done by solving the Nonlinear Schroedinger Equation [3] applying the Split- 
Step-Fourier method. Due to the high SMF/DCF dispersion coefficient, the 
simulations are based on the assumption of independent signal and noise 
propagation. The Q-factor [4] was calculated under the assumption of 
Gaussian noise at the receiver, which gives a rather conservative estimation 
of the system performance. 



Table 1. Parameters of the loop set-up (s. Figure 5), used in simulations. 





SMF 


DCF 


fibre attenuation [dB/km] 


0.19 


0.5 


dispersion coefficient @ 1.55|Lim [ps/(km*nm)] 


16.6 


-103.4 


dispersion slope @ 1.55pm [ps/(km*nm^)] 


0.06 


-0.207 


non-linear refractive index [m^AV] 


2.6*10'^“ 


2.6*10'^“ 


effective core area [pm^] 


69.5 


19.0 


maximum Raman gain [m^AV] 


3.2*10-''' 


3.2*10-''' 


EDFA noise figure: 


= 4.5 dB 




attenuation of DCF fibre splices: 


0.7 dB 




transmitter: 


chirpless, external modulation 


optical receiver bandwidth: 


120.0 GHz 




electrical receiver bandwidth: 


7.5 GHz 




data signal: 


10 Gb/s, NRZ 




back-to-back receiver sensitivity (BER = 10'^): 


-37 dBm 





Figure 3 and Figure 4 show selected results of the numerical 
investigation. The power penalty shown in these figures is defined as the 
required increase of receiver input power to maintain a BER of 10'® with 
respect to the back-to-back receiver sensitivity. The power levels into SMF 
and DCF, and the Compensation Ratio were varied. CR values between 98% 
(or 96% in case of the hybrid scheme) and 101% were evaluated. In Figure 
3, the best case (CR = 99%, Pre-distortion = 40 km) and worst case 
(CR=101%, Pre-distortion = 0 km) for the normalised section with pre- 
compensation are shown. In the worst case, a transmission distance of 1658 
km (20 cascades) results in a penalty of at least 4 dB, whereas in best case, 
40 normalised sections (3316 km) can be cascaded with a penalty less than 2 
dB. For the hybrid-split compensation scheme (Figure 4), a CR value of 
99% was identified as optimum. After 20 cascades a penalty less than 1 dB 
is obtained over a wide range of fibre input powers. After 40 cascades, a 
penalty of less than 3dB is expected in the optimum parameter range. 




















penalty 2 5dB 
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Figure 3. Simulated receiver sensitivity penalties for pre-compensation scheme: 20 loops, 
CR = 101%, Pre-Distortion 0.0 km (left, worst case); 40 loops, CR = 99%, Pre- 
Distortion = 40.0 km (right, best case). 



P(DCFVmW 



P(DCFymW 



P(SMFVmW 



P(SMP)/[nW 



Figure 4. Numerical results for hybrid-split compensation scheme for CR = 99% (best case) 
after 20 cascades (left) and 40 cascades (right). Penalty values of more than 5dB are 
summarized by ‘high penalty’. 
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2.3 Experimental validation of numerical simulations 

To verify the promising results of system simulations, fibre loop 
experiments (s. Figure 5, Table 1) were realised. To adjust the compensation 
ratio, small pieces of additional SMF were inserted in the loop, as well as the 
operating wavelength was slightly changed. An additional EDFA was used 
to compensate for the loop attenuation mainly given by the 3-dB coupler and 
the insertion loss of the loop switch. For the pre-compensation scheme. 
Figure 6 shows the penalty vs. the number of cascaded normalised sections 
for different compensation ratios and in the case of 40 km SMF pre- 
distortion. The penalties were measured for the respective optimum of the 
SMF/DCF input powers. 




Figure 5. Fibre loop set-up for pre-compensated normalised section. 

Without pre-distortion. Figure 6 shows an optimum system performance 
for a compensation ratio of 99%-100%. In this range, 25 normalised sections 
(2072,5 km ) can be cascaded with less than 4 dB penalty. It can be seen that 
due to additional pre-distortion a 10 Gb/s NRZ signal can be transmitted 
over more than 4000 km. 
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Figure 6. Ultimate transmission distances for the pre-compensation scheme for varying 
compensation ratio (measurements for 10 Gb/s, NRZ). 

Measurement (Figure 7) and simulations (Figure 3.) show very good 
concurrence. As it was predicted by simulations, in case of pre-distortion the 
optimum power region moves toward lower DCF and higher SMF input 
power. Because the values for the optimum input power strongly depend on 
the noise dependence of the individual amplifiers, the simulations shown in 
Figure 3 also take into account the measured gain saturation of the 
amplifiers, the measured input power dependence of the EDFA noise 
figures, and the additional losses due to the connectors in the transmission 
path. 








Figure 7. Measured receiver sensitivity penalties for pre-compensation scheme: 20 loops, 
CR = 101%, Pre-Distortion 0.0 km (left, worst case); 40 loops, CR = 99%, Pre- 
Distortion = 40.0 km (right, best case). 
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Figure 8 depicts the experimental setup for the hybrid compensation 
scheme. In this case, 2 transmission sections are realised in the loop. 




Figure 8. Experimental setup for the hybrid compensation method. 

In Figure 9 the ultimate transmission distances using this hybrid-split 
compensation technique are shown for different degrees of compensation. 
The power levels are selected for maximum cascadability, respectively. In 
the optimum operating range of 99% compensation ratio, 50 cascades 
(4145 km) result in a penalty of less than 3 dB. Simulations and 
measurements show very good concurrence. 




Figure 9. Ultimate transmission distances for the hybrid-split scheme for varying 
compensation ratio (measurements for 10 Gb/s, NRZ). 
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3. CONCLUSION 

A high amount of system simulations have been performed to investigate 
the optimum design and operation of transparent, dispersion managed 
transmission links. Time consuming system experiments have been carried 
out to verify the results. Evaluation of the numerical and experimental data 
lead to the following conclusions: 

• At moderate transmission distances (up to 1600 km), high variations of 
input power levels into each fibre segment, and large deviations of the 
compensation ratio from the ideal value of 99% are tolerated. 

• It is important to notice that the ultimate transmission limit of 50 
cascades can only be obtained if Polarisation Mode Dispersion is very 
small along the whole transmission link. (The fibre material installed in 
the ring showed PMD values of < 0.1 ps /Vkm) The fibres for such a 
cascade should therefore be selected very carefully, otherwise the link 
distance would be limited by PMD. 

• With optimised link design, a single channel, 10 Gbit/s NRZ data stream 
can be transmitted over 4000 km of Standard Single Mode fibre with 
amplifier distances of 80 km. This assumes sufficiently low values for 
fibre attenuation and polarisation effects like Polarisation Mode 
Dispersion, and Polarisation dependent Gain or Loss 

• The two Normalised Section designs investigated here have comparable 
tolerance ranges for the input powers into SMF and DCF, and likewise 
overlapping tolerance ranges for the degree of dispersion compensation. 
This means that these designs can be operated with identical parameters, 
a fact that greatly simplifies the operation of transparent links. 

• The optimisation process for the ‘pre-distortion’ of the pure pre- 
compensated sections converges towards a ‘symmetrical’ dispersion 
map around a dispersion value of zero. In the case of pre-compensation, 
an addition of a 40 km fibre piece at the transmitter (plus the appropriate 
DCF piece at the receiver) leads to optimum system performance. The 
resulting dispersion map is very similar to the ‘hybrid’ section design, 
where the symmetrical dispersion map is perfectly realised 

Acknowledgement: This work was supported by the European 
Community under ACTS-DEMON. 
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Abstract: This paper deals with the problem of simulating an optical packet switch for IP 

traffic (asynchronous variable length packets) relying on wavelength encoding 
for routing and on delay lines for buffering. A simulation model of this 
switching architecture based on the use of the Petri Nets formalism is 
presented, and its implementation by means of the Artifex simulation tool 
described. 



1. INTRODUCTION 

The explosive growth of the Internet of the last few years demands for 
ever higher bandwidth capacity, in particular in the core part of the network. 
The recent introduction and rapid growth of the Dense Wavelength Division 
Multiplexing (DWDM) technology provides a platform to exploit the huge 
capacity of optical fibre, and DWDM optical networks are poised to 
dominate the infrastructure, supporting the next-generation high-speed 
Internet backbones. Nevertheless, current applications of WDM focus on the 
static usage of individual WDM channels, which may not be efficient in 
supporting IP traffic. The challenge is to combine the advantages of WDM 
with emerging all-optical packet switching capabilities to yield optical 
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routers capable of guaranteeing full optical data path and throughput in the 
hundreds of Terabit/s range [1]. 

Optical packet switching has been addressed by several projects in the 
last few years [2-4], showing the feasibility of this concept. In order to 
provide an efficient and flexible platform for IP traffic, we address the 
scenario of a transfer mode based on variable length packets and 
asynchronous node operation, according to the “Optical Burst Switching” 
paradigm proposed in [5]. The adoption of a transfer mode based on long, 
asynchronous, variable length packets will enable the development of a new 
generation of optical packet switches which will overcome the limitations of 
a previous generation of switches specifically designed for fixed length, 
ATM-like packets. 

At present there is very little in the published literature addressing this 
new transfer mode, and related architectures or performance. New analytical 
models as well as simulation tools are needed. Simulation tools are 
particularly important in this class of problems, since in many cases the 
complexity of the systems in question renders a purely analytical approach 
very difficult, if not impossible. 

This paper begins with the optical packet switch architecture originally 
proposed in [6] and describes a simulation model of such an architecture. 
The simulation model has been built within the Artifex simulation 
environment. Artifex is a commercial simulation tool that uses an extended 
version of the Petri Nets formalism (Extended Petri Nets) to describe system 
behaviour. This formalism is well suited to represent telecommunication 
network problems [7] and the extensions available in Artifex make it a fully 
powered simulation language, able to process (i.e. simulate) data structures 
and to incorporate pre-existing or ad-hoc bits of code to perform specific 
functions. 

In this paper we present the switch simulator design and describe in 
detail the implementation of some of the more significant functional sub- 
blocks. The aim is to demonstrate the effectiveness of the Extended Petri 
Nets formalism for this class of problems and to provide the reader with an 
idea of the simulation capabilities of the model. 

The paper is structured as follows; in Section 2, the switching matrix 
architecture is introduced. In Section 3, the general simulation tool used is 
outlined, with particular reference to the formalism used to describe events. 
In Section 4, the simulation model is described in detail, both in general and 
in more detail choosing some functional sub-blocks as examples. Some 
numerical results regarding the time required for simulation are presented. 
Finally, in Section 5, conclusions are drawn. 
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2. SWITCHING MATRIX ARCHITECTURE 

The packet switch here considered is an output queuing switching matrix 
that relies on the use of fibre delay lines for buffering and output congestion 
resolution and on wavelength encoding for routing and to achieve optimal 
exploitation of the buffer. For the sake of simplicity, in the description that 
follows, each input link is assumed to carry only one wavelength, but the 
extension to a WDM scenario is straightforward. A block diagram of the 
switching matrix is shown in Figure 1. This diagram is strictly functional in 
the sense that there is no intention of addressing implementation issues. The 
functional sub-blocks are shown as boxes regardless of the way they can 
actually be implemented. Nevertheless, to the best of our knowledge, any 
functional block appearing in the architecture is presently feasible with state 
of the art optical technology. 

The switch consists of three functional blocks: 

- the packet encoder, which consists of a set of L wavelength converters to 

access the delay stage in a contention free manner; 

- the variable delay stage, which provides multiple stages of delay lines; 

- the wavelength selector, to forward a specific wavelength to the 

addressed output. 

On top of these blocks is the control function (not shown in the scheme), 
which performs the routing function and controls wavelength assignment 
and packet forwarding. 

The packet encoder 

When a packet arrives on a switch input link, its header is read by means 
of an optical detector and processed to determine the switch output to which 
the packet must be forwarded. On the optical path, each packet is assigned 
to a wavelength chosen such that no other packet is using the wavelength or 
is going to use it while the new packet is in the delay stage. Different 
algorithms can be adopted to achieve optimal use of the wavelength pool; in 
any case they must be kept simple enough to cope with the very high speed 
of the switch. In this work it is assumed that the first wavelength is chosen 
that satisfies the above constraints starting from a fixed wavelength (e.g. the 
first one). The encoding wavelength is maintained for a packet during the 
whole switch path. 

The variable delay stage 

After encoding, the packet enters the delay stage and flows into the fibres 
of the proper length to be delayed of the required amount. A multistage 
configuration of the delay lines is proposed to achieve a fined-grained 
implementation of delay. A base m representation of packet delay is given 
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through the k stages, with stage weights in decreasing order. For a given k, 
the j-th stage is composed by m fibres that introduce the following multiples 
of the delay unit D: 0, m* ', 2 irt'\ 3 /n* ‘, , (m-l)rrt ‘. By properly choosing 
the delay line at each stage all possible delays between 0 and Dm=D m* ' ^ are 
possible. To achieve the correct composition of the delay contribution, each 
delay stage is followed by a combining/splitting function, a pool of filters 
that separate wavelength encoded packets and a space switch to send a 
packet to the correct FDL in the following stage. The connections between 
the combiners and the splitters are the critical points of the architecture 
where it must be assured that no packet jamming takes place on the same 
wavelength. At these connections only one packet at a time can be present 
on a given wavelength and this is taken into account by the wavelength 
encoding algorithm. The values of m and k must be chosen in relation to the 
required performance. The values are limited by practical constraints and 
their influence on performance is investigated. 

The wavelength selector 

This is the output stage of the switching matrix and, at any time, it selects 
a packet for the correct output. It is built by means of a cascade of optical 
filters and an optical space switch. The control logic is aware of the time a 
given packet will leave the buffer and its encoded wavelengths. Accordingly, 
the control logic sets the space switch to connect an optical filter to the 
correct switch output. 

The control block 

The control block provides the routing function and the management of 
the switch resources. The routing function is based on the detection of the 
packet header using standard Internet routing procedure and should be 
suitably performed in advance of the packet arrival. The result of the routing 
function is the selection of the specific output link to which the packet must 
be forwarded. This also implies knowledge of the delay that the packet will 
encounter in the switch, based on the status of the output queue. The next 
step is to find the wavelength to be used for packet encoding such that the 
required delay, that is the FDL buffer, is available at that wavelength for the 
whole packet duration Tp. 
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Figure I. Functional architecture of the switching matrix 



3. THE SIMULATION TOOL 

Artifex has been used for modelling and simulating the optical switch. 
Artifex is a commercial tool designed to perform discrete events simulation 
of systems, and is particularly oriented to the modelling of the logical and 
dynamic behaviour of telecommunication networks [8]. With Artifex it is 
possible to model a single network component (e.g. a switch) as well as a 
complete network. The model can be executed on a graphical simulator to 
obtain insight into the system behaviour under development, to validate the 
model itself (i.e. verify if it behaves according to the specifications) and to 
obtain performance measurements for system optimisation. 

Artifex uses a modelling formalism based on Petri Nets. However, in 
Artifex several features have been added to the conventional Petri Nets 
formalism, resulting in what is called Extended Petri Nets. It is well known 
that Petri Nets are an efficient, visual approach to modelling the dynamic 
behaviour of queues and protocols. In Artifex, a model is defined visually 
with Petri Nets (by using the Artifex.Editor tool) and translated into a 
language suitable for simulation. 

This approach allows validation at each design step, ensuring that further 
modelling is always made on safe grounds. Even radical changes can be 
made in the model in a very short time and the effects of such changes can 
immediately be simulated with the Artifex.Validate tool. 
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This Extended Petri Nets formalism provided by Artifex is object-based 
and allows hierarchical design. It naturally addresses the issue of scaling the 
complexity of switches and routers as well as end-to-end network protocols. 

Artifex models can embed C or C++ statements directly and it is also 
possible to link external C/C++ code and libraries. This latter feature makes 
possible the use of C and C++ programming in addition to the Artifex 
graphical language, for instance to implement algorithms and to perform 
complex computations on data. 

3.1 Basic concepts of Petri Nets 

The basic Petri Nets formalism consists of a very small set of symbols. 
This makes the approach easy to learn. Concepts like parallelism and 
synchronisation are expressed with a few icons. Petri Nets are defined in 
terms of three symbols. 

- Place (represented by a circle) to model states, conditions, events and 
queues. 

- Transition (represented by a rectangle) to model state transitions and 
activities. 

- Arc (represented by oriented lines) to define cause-effect relationships by 
connecting places and transitions. Arcs going from places to a transition 
define transition's input places; whereas arcs going from a transition to 
places define the transition's output places. A place is often an input to a 
transition and an output from other transitions — at the same time. 

Current states (i.e. true conditions or occurring events) are represented by 

drawing a dot within the suitable place. Such a dot is called a token. 

Petri Nets evolve by moving tokens from an initial state defined by a set 
of initial tokens until no more tokens can be moved according to the 
following simple rule: “When all the input places of a transition contain at 
least one token the transition can fire. The effect of a transition firing is to 
remove tokens from some places and to create tokens in some other places. 
When a transition fires, it fetches one token from each of its input places and 
releases a new token in each of its output places. ” 

Some of the extensions to the Petri Nets formalism provided by Artifex 
are listed in the following [8]: 

- tokens can carry data because they can be represented, actually, by data 
structures; 

- it is possible to associate with transitions a specific action (written in 
C/C++ code) that is executed when the transition fires: the action has 
access to the content of the input tokens consumed during firing and can 
modify the content of the tokens that are released in the output places; 
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- the release of the tokens on the output places can be delayed by a 
specified amount of time that can be modified dynamically during the 
simulation, a feature that has been used for modelling FDLs and packet 
generators. 



4. THE SIMULATION MODEL 

In this section we describe the implementation of the switching matrix 
simulation model with the Artifex simulation tool. The model we present 
here is for a 4x4 switching matrix, with a 3-stage buffer, internally using 10 
wavelengths. The reason of this choice is mainly to have a readable overall 
scheme of the presented model. There are no limitations on the switch size 
and on the number of wavelengths used internally. 

The main goal of this chapter is to show both how the model has been 
implemented and, by means of some examples, how the Extended Petri Nets 
formalism has been used for this particular task. 

The model has been split into objects. According to the Artifex 
architecture object types are defined and modules performing the same 
function belong to the same type and are called object instances. Objects 
types and instances have been used here in such a way that the final model 
resembles the functional scheme of the switching matrix. This is not 
necessary in principle and also does not optimise the complexity of the 
model, at least from a graphical point of view. On the other hand, this 
approach has been chosen because, thanks to the similarity with the physical 
systems, it makes easier the debugging and development of the model itself. 

Figure 2 shows the general model as it appears from the Artifex console. 
In this simulation model, each packet is a token that will either reside in a 
place or in a transition while firing. Each packet (token) is actually a data 
structure carrying information that can be used for processing into the 
various blocks; for instance packet length, input/output addressing pairs, 
delay experienced in the FDL buffer etc. Tokens released by transitions 
carry information updated by the processing, if any, implemented in the 
transition. 

On the left hand side of figure 2, the traffic generators are placed 
(IN_x:MMl). We implemented one generator per input. One single 
generator could have been used in principle, but in that case the graphic of 
the model would not have shown the various inputs as different logical 
entities. It is worthwhile to underline that the overall computational 
complexity is not affected by having 4 traffic generators instead of one, 
since the overall number of operations is the same. The traffic generators are 
followed by a functional block, called SPLITTER. Splitters are necessary 
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because the token forwarding between objects is “token broadcast”, i. e. a 
token outgoing from an object is replicated to all connected objects. The 
objects of class SPLITTER have the task of splitting packets according to 
the outputs they are directed to. Actually, a splitter is just a transition with 
some added C code. The C code, by means of a library function devoted to 
this task (xx_setaddress), changes the default Artifex behaviour and 
forces a selective token routing. 

There are several splitter blocks in the model. The splitter called 
SPLITTER_1 forwards the packets towards the delay assignment function 
(ASS_DELAY). Since packets are assigned a delay accordingly to the 
occupancy of the output port they are addressed to, the splitter forwards the 
tokens according to the final destination of the packets they represent. 




Figure 2. Functional architecture of the switching matrix 

The wavelength assignment stage (LAMBDA_CONTR) follows. This is 
collapsed into one single functional block, as this function is centralised for 
the whole switching architecture, and is not performed per input or output 
link. 

A further splitter and the stage implementing the FDL buffer (FDL_xx) 
follows. The buffer is made up of as many blocks (of class FDL) as the 
number of internal wavelengths. It is worth noting that the splitter CONTROL 
performs the same function as SPLITTER_1 but according to a different 
logic. It forwards the tokens to the proper FDL block on the basis of the 
wavelength they have been assigned to and not on the basis of their output 
destination. The delay stage has been implemented as a series of blocks and 
not as one single functional block even though this would have been 
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possible. The approach followed made the debugging and validation of the 
model simpler. This will appear clearly in the following paragraphs, where 
the implementation of the FDL stage will be described in detail. 

Finally, the output stage follows. In between the wavelength assignment 
and the FDL buffer, the UPDATE_OUT sub-block is present. This block 
Properly operating the control logic is necessary, since it updates the lists of 
the output occupancy that are used to assign delays. 

To better explain how we used the functions and the modelling scheme 
as available in Artifex, we will now briefly describe how some of these 
blocks have been implemented. 

4.1 Traffic generator 

Let us examine the traffic generator (figure 3). The traffic is random 
(Poisson process) with exponential packet lengths. For the purpose of this 
discussion we will call: 

- ti arrival time of packet i: the instant of arrival of the first bit of packet i; 

- Tij inter-arrival time between packet i and j, 

- Li the length in bits of packet i; 

- C link speed. 

The problem is to generate both inter-arrival times and packet lengths 
independently, but in a consistent way. If these random variables are simply 
generated independently, it may happen that a long packet is followed by a 
very short inter-arrival time. This is not realistic : the bits of a packet are 
transmitted serially on transmission lines, therefore T,,,+; ^ t/ + L/C. If this 
was not true , we would have a situation in which a packet is overcoming the 
previous one. Therefore, to generate the traffic in a realistic way, we used 
the technique of generating the traffic in a fully independent way, feeding it 
in a queue where the packets are served. Since the queue is M/M/1 (Poisson 
arrivals and exponential service time), accordingly to Burke’s theorem, the 
point process of the departures is still a Poisson process, but now the packets 
are spaced accordingly to their effective length (since the server must serve 
one packet at a time). This was implemented as in figure 3. At the beginning 
a token is placed in place START, thus enabling transition ARRIVAL that 
fires with no delay, placing a token in place QUEUE and in place 
TIME_BETWEEN_NEXT. Transition ARRIVAL also sets the delay in 
transition NEXT_PACK, that fires at exponential rate, re-enabling place start. 
The queuing packets are placed in service by instantaneous transition 
IN_SERVICE, which is enabled when there is at least one queuing packet 
and the server is free (place FREE_QUE has a token inside). The transition 
DEPARTURE, firing at exponential rate, with different mean with respect to 
transition ARRIVAL, gives to each packet its length and also frees the server 
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(enabling transition FREE_QUEUE). Due to this model, packets are 
generated as a Poisson process, their lengths are exponentially distributed, 
and their effective spacing in time is coherent with the lengths. 




Figure 3. Model of the M/M/1 based traffic generator 



4.2 Fibre Delay Line Buffer 

The second example presented is the FDL buffer in figure 4. This is 
definitely easy to implement. The delay a packet must experience is encoded 
into a token field by the ASS_DELAY functional block, according to the 
output link occupancy. The delay stage is then just the sequence of as many 
transitions (FIBRE_xx) as the stages of FDLs. Each transition will fire with 
a required delay. All the delays will sum up to the overall value required to 
solve congestion on the outputs. Since the transitions are placed in chain, the 
firing of one transition on the left automatically enables the following 
transition rightwards. Each transition also enables the immediate transition 
UPD_LIST that is used to update the list of time occupancy of the FDL, 
necessary to the wavelength assignment function. Note that places 
SIMPLEl, SIMPLE2, SIMPLE3 as well as SIMP_TEMPl, 
SIMP_TEMP2, SIMP_TEMP3, are connected in cascade mode, they fetch 
and release the tokens at the same simulation time, since the transitions in 
between are instantaneous. Therefore they do not contribute to the system 
evolution, but are necessary to perform the logical function in UPD_LIST . 
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Figure 4. The Fibre Delay Line buffer implemented by means of Extended Petri Nets, 
including monitoring for wavelength usage (COLL_DETECTOR). 

The COLL_DETECTOR blocks are used to verify the correct behaviour of 
the simulation model and each block is structured as in Figure 5. 
Simultaneously, the tokens reach place IN_PACKET and the first bit of a 
packet leaves the fibre delay line. The function contains two transitions: 
RISE_NEW_COLLISION and SET_TIMEOUT. SET_TIMEOUT transition 
will fire before (as indicated by digit 1 that follows the name of the 
transition) and will release a token in place BUSY . It will also set the 
delay of TIME_OUT accordingly to the length of incoming packet (token). 

The transition RISE_NEW_COLLISION is enabled when both places 
IN_PACKET and BUSY contain a token. The occupancy of place BUSY 
represents the period of time required by a token to cross one of the 
combiner/splitter pairs that connect the delay stages (see Figure 1). In these 
critical points only one packet at a time must be present and encoded at a 
given wavelength. If a token gets place IN_PACKET while the previous one 
is still in place BUSY, then RISE_NEW COLLISION fires and releases one 
token in place COLLISIONS. The number of tokens in this place represents 
how many times there have been collisions and the algorithm failed. 

This is probably the most evident example of the use of the validation 
capabilities of the Extended Petri Nets formalism in this model. At the end 
of a simulation, or even while it is still running, the correctness of the 
wavelength assignment algorithm can be visually checked by simply 
checking whether there are tokens in place COLLISIONS or not. 

This monitoring function is also the reason why we implemented as 
many delay blocks as the number of available wavelengths. By doing this, 
you can check that no collisions occur on each internal wavelength. This 
would not be possible (or would be anyway more complex from the 
implementation point of view) in the case of a single delay block crossed by 
packets encoded on any wavelength. 
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Figure 5. The implementation of the functional block COLL_DETECTOR in the FDL buffer 



4.3 Simulation Performance 

An in depth analysis of the performance of this switching architecture is 
beyond the scopes of this work and the interested reader can refer to [6] for a 
detailed description of such results. On the other hand here we focus on 
giving some results on the simulation capabilities of the model described. 

We ran a series of simulations within two different environments. We 
first simulated a 4x4 switch with 10 wavelengths and then a 16x16 switch 
with 26 internal wavelengths. The FDL buffer was made of 3 stages with 16 
fibres per stage. The average packet length was chosen to be L=500 bytes 
and the unit of delay of the buffer D=30 bytes. With these values the 
maximum delay achievable was equal to 4095 D that is 4.1 p,s assuming a 
link speed C=2.4 Gbit/s. For each case we simulated about 10000, 100000 
and 1000000 packets using a Pentium II personal computer, with 256 
Mbytes of RAM and equipped with the Linux operating system. 

The following tables show the run time needed for each simulation. They 
also show the packet loss probability measured and the number of lost 
packets thus giving an idea of the degree of confidence which can be 
achieved. The simulation time was obtained using the Linux top command, 
measuring the effective CPU time used by each simulation. 



# of simulated 
packets 


4x4 

Simulation 
Run Time 


4x4 

# of Lost 
Packets 


4x4 

Packet Loss 


10435 


13” 


59 


5.654E-03 


106146 


2’ 20” 


734 


6.915E-03 


1058356 


23’ 26” 


7326 


6.940E-03 



Table 1. Numerical values of the simulation time for the 4x4 switch for various values of the 
number of simulated packets. The measured packet loss is also shown. 
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# of simulated 
packets 


16x16 
Simulation 
Run Time 


16x16 
#of Lost 
Packets 


16x16 
Packet Loss 


10034 


14” 


1 


l.OOOE-04 


102008 


T 14” 


52 


5.100E-04 


1011010 


140’ 1” 


507 


5.010E-04 



Table 2. Numerical values of the simulation time for the 16x16 switch for various values of 
the number of simulated packets. The measured packet loss is also shown. 



5. CONCLUSIONS 

In this paper we presented an overview of the simulation model of an 
optical packet switch exploiting wavelength multiplexing for routing and 
delay lines for buffering of packets. The paper gives an overview of Artifex, 
the simulation tool that has been used, and presents the simulation model 
with some numerical results regarding the simulation time of typical system 
configurations. Furthermore, the implementation of the most significant 
functional sub-blocks has been described in detail. We believe this model 
can be of help to researchers facing similar tasks and can be used as a 
reference for the development of more complex models. 
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Abstract: A new proposal for an optical packet-routed network based on a distributed 

router architecture in a WDM network is described. Buffering, scheduling and 
wavelength assignment functions are carried out in routers located at the edge 
of the network. The destination address is encoded by a given wavelength and 
allows wavelength-routing in optical core routers. This approach avoids 
processing and additional buffering delays in core routers. A low packet loss 
rate and a low latency are critical parameters to guarantee QoS for a particular 
class of packets and must be carefully considered when IP traffic is directly 
transmitted over a photonic network. This network architecture requires new 
hardware elements and these are discussed including a low-crosstalk, large 
port-count free-space grating router. 



1. INTRODUCTION 

With the projected annual increase of 60% in data traffic [1], solutions 
are required to combine the advantages of the network packet layer with the 
high-bandwidth optical transmission in the physical layer. To date the 
proposed solutions concentrate on current protocols and transmission 
standards namely ATM and SDH, such as in proposals of IP-over- ATM [2] 
and packet-over-SDH transmission [3]. Whilst these simplify the protocol 
stack, limitations in scaling to a large number of routers remain. The 
advantage of connection-oriented protocols such as ATM is their provision 
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of quality of service (QoS) awareness, usually not considered in connection- 
less protocols like IPv4. 

These problems can be overcome using a new protocol proposed by the 
Internet Engineering Task Force (IETF) in 1997 [4] known as multiprotocol 
label switching (MPLS) in combination with optical routing. MPLS, like 
ATM lies between the network and the link layer but, in contrast to ATM, 
can operate with variable packet lengths, and directly with IP, avoiding the 
necessary adaptation of packets to ATM cells. 

In this paper we describe an MPLS-based optical network architecture 
that does not rely on processing and buffering in the core nodes as recently 
suggested [5]. It is proposed to distribute the routers to the edge of the 
network, equipped with electronic processing, scheduling and buffering. 
With packets aggregated to flows, virtual lightpaths are established via 
MPLS between the ingress and the egress router of the network. MPLS can 
be additionally used to interconnect the core networks of network operators. 



2. MULTI PROTOCOL LABEL SWITCHING 
(MPLS) 

Although MPLS is not a defined standard, it is widely discussed in the 
Internet Engineering Task Force (IETF) [4] with the following main 
functions: 

• Short label 

Since MPLS is designed to allow a hop-by-hop routing, it is sufficient to 
use a short label instead of a full header. This makes it particularly suitable 
for WDM because the MPLS label with a length of 32 bits [6] (Fig. 2) gives 
a reduction of a factor of 10 compared to the 320 bits header envisaged for 
IPv6. With this type of header it is possible to distinguish more than 1 
million destination addresses, 8 classes of service, and to identify the bottom 
label of a label stack. The time-to-live field (TTL) allows a maximum 
number of 256 hops before the flow is discarded. As labels can be attached 
to any packet, MPLS can deal with variable length packets such as IP 
packets (max. 64 Kbytes payload). This is different from the ATM approach 
with short, fixed size ATM cells (53 byte). 



Address label (20 bit) 



Class of Service 


Bottom of 


Time to live 


(3 bit) 


stack (1 bit) 


(8 bit) 



Figure 1. Example for a 32-bit MPLS header [8] 
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• Hierarchical label stacking 

MPLS allows to stack several labels on top of each other before sending the 
data flow from the first edge router. Labels are organised as a stack (last-in- 
first-out [LIFO]) so that the top label determines the next hop. This allows 
for temporary labels on a MPLS flow, important in case of re-routing. 



IP header 
payload (320 bits) 



rmrm m 




Figure 2. Aggregation of a MPLS flow from single IP packets by adding MPLS labels (32 
bits) plus an additional control packet with an offset time x proceeding the flow 



• Virtual circuit emulation using label-switched paths (LSPs) 

Like ATM, MPLS sets up virtual paths between edge-routers, which are 
called label-switched paths (LSPs), reserving a particular wavelength for the 
transmission. 

• QoS routing 

Routing is carried out according to the class of service, i.e. packet flows 
originating from the same edge router for the same destination but 
containing different classes of are forwarded on different LSP. Transmission 
on different wavelengths is therefore inherently supported by MPLS. The 
implementation can either use a Resource Reservation Protocol (RSVP), or a 
Label Distribution Protocol (LDP) [7]. 

• Failure detection and restoration 

Situated between the network and the link layer, MPLS does not operate 
at the physical layer of the network and will therefore provide restoration 
after measures on the physical level are taken. Since MPLS controls the 
router and hence the release of flows into the network, a fast forwarding of 
the failure information (tens of ms) to the MPLS control is essential to start 
re-routing of LSPs [8]. 
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3. NETWORK ARCHITECTURE - A BURST- 
SWITCHED OPTICAL NETWORK 

Currently, wavelength-division multiplexing (WDM) is used for high 
capacity point-to-point links connecting electronic network routers. 
Although electronic routers can route and forward packets, their scalability is 
limited beyond 1 Tbit/s [9]. 

The ideal infrastructure would evolve from a static wavelength-routed 
optical network with fixed lightpaths to an all-optical connection-less 
network resembling an IP network. It is assumed that switching timescales 
are reduced from months or days for the static model to nanoseconds in the 
case of a network forwarding at the packet level, in response to load 
changes. 

The principle of burst-switching in the context of WDM networks has 
been investigated [10] [11], but to date has not been applied to MPLS and 
optical routing. The principle of this approach is to aggregate the packets to 
flows (Fig. 2) in the edge routers to reduce the number of wavelength- 
switching operations. Due to the time required to tune the laser diodes or 
wavelength converters to the appropriate wavelength the achievable 
switching speed is limited. Since MPLS operates on a flow-level, and not on 
a packet-level, packet aggregation is essential. MPLS has the advantage of 
being quasi-circuit switched. In this architecture, packets are sorted by traffic 
type and destination in queues in the edge routers. In this scheme we assume 
3 classes of service: 

• Premium: Traffic with low packet loss rate (PLR) (< 10'^ for traffic load 
0.8 as in ATM) and nearly no latency (quasi circuit-switched) 

• High Quality: Packets with specified PLR and a specified maximum 
latency 

• Best Effort: Regular IP packets with high tolerance towards packet loss 
and latency 

The length Q of the queue is a critical parameter and must be investigated 
in the context of the proposed MPLS architecture. The size Q of a queue 
required to store incoming packets is a function of the queueing delay tdq and 
the bitrate b of the network: 

For example, at a bit-rate of 10 Gbit/s a buffer size of 1.24 Mbyte is 
required to buffer the traffic passing through in 1 ms. The queues are 
emptied either when the size of the queue reaches a given threshold or a 
time-out signal is sent to guarantee a specified acceptable delay. Large 
memory and processing capacity are concentrated in the edge router, whilst 
the optical routers in the core act as a large, distributed routing network. The 
advantages of this scheme over other architectures are as follows: 
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Figure 3. Principle of the proposed network architecture applying burst switching 



The millisecond timescale for sending flows through the network allows 
sufficient time for wavelength selection in transmitter lasers and wavelength 
converters. Working at the flow level and establishment of short-term 
connections between edge-routers allows compatibility with the MPLS 
protocol for the transmission over and control of the optical layer. 

The packet latency is determined by the queueing delay prior to release 
of the packet flow into the core network and directly proportional to its 
length Q. Once a flow enters the core network it experiences only the 
propagation delay. Thus queue "threshold" and "time-out" determine the 
QoS for a particular type of packet. 

The edge routers in the distributed router architecture (Fig. 3) connect the 
access with the optical core network. In addition to the processing, 
scheduling and buffering these must carry out the functionality of mapping 
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incoming packets to the optical layer of the network. This is done in two 
steps (Fig. 4): 

(1) The packets are aggregated into MPLS flows. This is carried out by 
reading and processing of the entire packet header information (3^0 bits 
for IPv6), the scheduling of the packet and the storage in the correct 
output queue. This is carried out in the electronic domain where 
sufficient memory and parallel processing capacity are available to cope 
with optical line speeds >10 Gbit/s. The time a flow spends in the buffer 
depends on the specified maximum delay for a given class of packets 
and will be on the timescale of < 1 ms for High Quality type traffic. 

(2) The second function needs to allocate flows and reserve bandwidth from 
the input edge router to output edge router through the core network. 
This is done by matching the address of a flow to the wavelength so that 
within the core network no more header lookups are required. 




sorting flow aggre- bandwidth wavelength 

gation and allocation assignment 

queueing 

Figure 4. Treatment of packets in the proposed network architecture 



The proposed architecture is based on an optical burst-switching (OBS) 
architecture in combination with MPLS for operation of the network and 
transmission between edge routers. The scheme operates on three different 
layers specified in table 1: 

• Access layer 

Packets with different input formats, but mainly originating from IP 
applications enter the edge routers. MPLS is not restricted to a particular 
format but is designed to operate with different protocols such as ATM, IP, 
etc. 

• Assignment layer 

The trade-off is between the length of the queue and the overprovisioning 
of bandwidth, i.e. the number of wavelength required in the network. The 
blocking probability or delay can be reduced by providing more wavelengths 
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channels, but in addition to more hardware this increases the network control 
and management complexity. 



Table 1. Reference model for the proposed network architecture using burst-switching 



Layer 


Functionality 


Access layer 


Incoming packet: 
IP, voice, video 


Assignment layer 


1. Synchronisation 

2. Incoming packet header detection and processing 

3. Data rate adaptation and convergence 

4. MPLS header writing/removal 

5. Scheduling 

6. Packet aggregation to form flows whilst packets are queued 
according to packet class and destination 

7. Wavelength assignment (layer 3 routing) 

8. Bit-rate control 


Optical layer 


Switching (layer 2) 

Transport 

3-R regeneration 



The number of queues Nqueue that need to be controlled per edge router is 
determined by the number of edge routers Nedge and the number of classes C 
supported by MPLS: 

Nqueue — Nedge ^ O 

Assuming a network with 20 core routers and 10 edge routers connected 
to each core router (Nedge = 200) and 8 classes of service as envisaged for 
MPLS (C = 8), this would result in 1600 queues to be operated by each edge 
router. In the case of 10 Gbit/s system this requires a capacity of 
approximately 2 Gbytes per ms of traffic that needs to be stored when the 
queues are operated independently. 

The key function of MPLS is shown in Fig. 5. As MPLS is situated 
between layers 3 and 2 in the network, it can operate on top of SDH 
(backward compatibility) or digital wrappers (future component), or it can 
even run directly on the WDM domain. In this case network failures must be 
reported in the timescale of tens of milliseconds to the MPLS level to allow 
fast restoration and re-routing in the network. 
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Figure 5. Protocol layers used whilst a packet is sent via different core networks 
• Optical layer 

Transmission and routing of flows is carried out in the optical domain by 
a core wavelength router where no optical buffering and processing 
functions are required. However, network operation without processing and 
buffering in core nodes requires a new scheduling algorithm to provide QoS 
for the different types of classes for packets in the network. Flows buffered 
in queues are assigned to a free wavelength, equivalent to the bandwidth 
reservation. 

The most suitable reservation scheme is JET (Just-Enough-Time) [13]. A 
list of available wavelengths is stored in association with a central 
scheduling algorithm from which each router obtains free wavelengths as 
required. The control packet reserves a particular bandwidth for a fixed 
duration allowing a definite forecast when the wavelength will be available 
again. JET is important for QoS awareness in the network by assigning 
different priorities to the flows buffered in the edge router. Priorities are 
associated with different blocking probabilities and different queuing delays, 
i.e. the lower the priority, the higher is the associated blocking probability 
and the queuing delay. 



4. CLASS OF SERVICE DIFFERENTIATION BY 
LIGHTPATH AND DISTRIBUTION TREE 
ROUTING 

Wavelength routing allows bypassing buffering and scheduling at the 
core routers by providing as many wavelengths as required for the complete 
contention resolution in each link of the core network. 
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In the proposed architecture, IP traffic arriving at the ingress router is 
buffered and scheduled electronically and each aggregated flow is attached 
an MPLS label and then assigned a wavelength to route the flow along the 
entire path to the destination. At the expense of wavelength 
overprovisioning, this eliminates the problem of packet header processing at 
each intermediate node. Depending on the QoS requirements for a particular 
traffic class, two methods for wavelength assignment with different amounts 
of overprovisioning are considered in this section. 

1. Lightpath assignment. This type of assignment provides direct 
connections between source and destination and requires no processing or 
buffering in the optical domain [12]. Therefore, lightpath assignment is 
preferable for accommodating real-time traffic. Each lightpath is assigned a 
unique wavelength along all the links between edge routers. The wavelength 
can be the same in every link of the lightpath or it can vary from link to link 
along the path in case of wavelength conversion [13]. Let V be the set of 
nodes, |V| = A and let the set of lightpaths be 

P={Pij (Sh dj) \ i=l,...,N, j = i,...,N}, 

where 5, is source node i, dj is destination node j, py is the lightpath between 
Si and dj. Thus, total number of unidirectional lightpaths in the network is [P] 
= N(N-l). 

2. Distribution trees assignment. This type of assignment is provided by 
the set of distribution trees 

T= {t,(5„D,) I /=!,... ,A^}, 

where Si is source node i, D, = V\ 5, is the set of destinations for the source 5„ 
tj is the tree routing packets from 5, to the set D,. The total number of trees is 
\P\ = N. 

Thus, a single wavelength is assigned to all the edges of each distribution 
tree tj which can route traffic from source node s, to all the destinations of the 
core network [14] (see Fig. 6 for an example of lightpath and tree 
assignment in a 4-node network). 

Whilst, with the distribution tree approach, the wavelengths are shared 
among different destinations for each source, packet contention at the 
intermediate nodes is avoided, as each tree is assigned a unique wavelength 
along its edges. Packet buffering and scheduling is carried out in the source 
edge-routers, with packets being transmitted only when the required 
wavelength becomes available. 
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Figure 6. Difference between lightpath and distribution tree assignment in a 4-nodes 
network, (a) Three wavelengths are required to connect node 1 with the 
other nodes by lightpaths. (b) One wavelength is required to connect node 
1 with the other nodes by a tree as packets routed from one source edge- 
router to different destination edge-routers share the same wavelength. 

The algorithm used to build distribution trees is as follows. 

(1) For every source node, a shortest-path tree spanning all the others 
nodes is calculated. 

(2) Since for real network topologies there is usually more than one way 
to span the nodes with shortest paths, a set of all the possible shortest- 
path trees is built for a given source node. 

(3) All the trees in the set are consecutively considered as the distribution 
tree for a given source node, and a shortest path tree is chosen as 
distribution tree if, and only if, the number of wavelengths in the most 
loaded link of the network is lower than using any other tree in the 
set. 

(4) Steps (2) - (3) are repeated for all the nodes in the network. As a 
result, distribution tree is assigned to every node and wavelengths are 
reused so that packets coming from the same source through the given 
link share the same wavelength. 

Consider any node 5,G V. In order to provide unidirectional logical 
connections to all the other nodes, it must originate N-1 lightpaths, and 
therefore, requires exactly N - I transmitters. At the same time, in order to 
provide logical connections with all the other nodes by distribution trees, 
fewer transmitters are required because for each source node 5,G V, several 
destinations can share the same wavelength on a given fiber, depending on 
the network topology. Therefore, it can be shown that the total network load, 
i.e. the number of wavelengths in the most congested link, can be 
significantly reduced by means of distribution trees compared to lightpaths. 

However, the distribution trees impose longer delays on traffic delivery 
because packets destined to different nodes can only be carried serially along 
those edges, which share the same wavelength. Additionally, low-level 
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routing is required at each intermediate node in order to route packets to a 
particular destination along the tree. 

Nevertheless, distribution trees represent a trade-off between the number 
of wavelengths required and the queuing delays at edge routers, and can be 
used to accommodate lower-priority traffic. Preliminary calculations show 
that use of distribution trees can reduce the wavelength requirement in such 
networks as NSFNet, ARPANet and USNet by up to 40% compared to 
lightpaths. The number of bits required to code packet destination along the 
tree can be derived from the network diameter. This number can be shown to 
be almost the same for real network topologies and varies from 2 to 4 bits for 
the above-mentioned networks. 

Hence, considering that packet class-of-service (CoS) field is coded by 
the assignment type, the entire MPLS header can be mapped into the 
combination of the wavelength code and a small number of forwarding bits 
allowing fast switching in the core routers (Fig. 7). 

Therefore, distribution trees allow for buffer-free packet delivery with 
only a small forwarding label to be processed in the optical domain. Another 
advantage of distribution trees is in their ability to provide direct multicast 
connections without queuing delays, as in the case of multicast, packets can 
be transmitted simultaneously [14]. 



MPLS 



WDM 




Figure 7. Mapping MPLS header to WDM domain. 



5. EXPERIMENTAL NETWORK ARCHITECTURE 

The experimental investigation of the proposed network architecture 
requires a packet generator and analyser, a fast tuneable laser or a set of 
switchable transmitters and/or wavelength converters, and a large-port 
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optical router. Transmission of packets can also be studied by integrating the 
label generation and error detection in a single set-up (Fig. 8). Long distance 
and multi-hop transmission of packets can be studied using a recirculating 
fibre loop. 

The generation and analysis of optical packets at line rates of 10 - 100 
Gbit/s throughout is carried in a computer used for the control of the set-up 
and aggregation of flows. According to the destination address and class of 
service of the flow a free wavelength is selected and the pattern is 
simultaneously transferred to the pulse pattern generator (PPG), to modulate 
the cw wavelength carrier of the multi-wavelength transmitter. The 
wavelengths carrying flows are routed by the free-space grating router 
(expected to be at ns rates). The wavelength tuning delay could be reduced 
by using a multi-wavelength array rather than a tuneable laser. 




Free-space 

grating 



Fibre array 



Figure 8. Free-space grating router in DEMUX configuration for back-to-back measurements 

for distributed switching 

Optical switching matrices suffer from problems in the scalability for 
large numbers of ports [15] due to crosstalk and high insertion loss of the 
elements. Free-space routers overcome the limitations of waveguide-based 
routers as they inherently can achieve lower crosstalk values and a free- 
space grating device (Fig. 9) with < 40 dB crosstalk and better than 3.7 dB 
fibre-to-fibre loss designed for 100 ports [16] and operating at 10 Gbit/s was 
recently demonstrated [17]. This achieves the required switching matrix by 
distributing the switching functionality to the edges. 
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wavelength [nm] 

Figure 9. Measured passband of free-space grating demultiplexer [17] 

Other key elements are: 

• Burst mode receiver 

Packet error detection requires the implementation of burst mode 
operation. This requires synchronisation with incoming optical packets at 
nanosecond timescale. Specifically a separate synchronising pattern is 
required to align the incoming data stream with the detector reference clock. 
Use of a burst mode packet receiver will allow the simultaneous 
measurement of queueing delay, PLR and traffic load. This will allow 
defining the design rules for a given network. 

• Packet loss, delay and traffic load 

While the BER is the correct measure of the performance of a physical 
link, QoS parameters such as PLR and packet delay are additionally 
important for the evaluation of network performance. This requires a three- 
dimensional surface plot for the graphical representation of queueing delay, 
PLR and traffic load. The graph can be used in two ways: Either for plotting 
simulation results showing the performance resulting from a given network 
topology, or QoS parameters can be specified by a given mask whose values 
may not be exceeded by the real network. 

• Number of hops 

An important parameter in the design of optical transmission networks is 
the scalability in terms of number of physical hops. The number of hops a 
packet can undergo in a photonic network is limited by distortions 
originating both from the fibre transmission characteristics and distortions 
added by the optical router, such as crosstalk and insertion loss. The eye 
closure for a randomly connected network (Fig. 10) decreases linearly with 
the number of cascaded channels. Transmission through 12 routers an 
additional 3 dB penalty is introduced to the system. 
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Number of cascaded demultiplexers 

Figure 10. Calculated eye closure penalty with transmission through cascaded 
demultiplexers, with passband T (dB) = - 0.014 (f - fo)^ 

As bit-rates per channel increase, and optical power is increased to 
maintain adequate signal-to-noise ratios with large inter-amplifier spans, the 
nonlinear effects of the transmission fibre cause signal distortion, which 
must be minimised by optimisation of the dispersion map. One technique is 
undercompensation of the fibre dispersion to avoid pulse broadening due to 
self-phase modulation (SPM). Fig. 1 1 shows the amount of under- 
compensation, achieved with lumped anomalous dispersion at the receiver, 
required in 10 Gbit/s NRZ format transmission over standard fibre (D = 17 
ps/nm-km), with post-compensation in each 80 km span, and 8 dBm launch 
power into each span. Without the residual dispersion, the eye closure 
penalty is > 6 dB after 10 spans, while with undercompensation, it is < 1 dB. 
Although this technique is very effective at extending transmission 
distances, the optimum amount of residual dispersion is dependent on the 
transmission distance, and the rapid switching of signals over different 
routes in burst switched networks will require careful design of the 
dispersion maps or the development of rapidly variable dispersion 
compensators. 

• Network topology - total number of edge and core routers 

The number of hops is also related to the number of nodes present in the 
core network. The proposed burst-switching networks need to be carefully 
controlled to use bandwidth efficiently and to detect and resolve conflicts. 
This functionality must be embedded in the scheduling algorithm and will be 
restricted by the total number of nodes and the connectivity. 
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Number of spans 



Figure 11. Calculated residual dispersion required to minimise self-phase modulation 
distortion in multi-span 10 Gbit/s transmission over standard fibre, with 8 dBm launch power 

As signalling is required, the round-trip-time (RTT) of control packets 
limits the size of the network. An additional parameter in the course of the 
investigation is the maximum number of edge routers that can be connected 
to the optical core network. 

• Length of burst and queuing delay 

The system performance must be investigated as a function of the length 
of the bursts and the queuing delay. The trade-off for a reduction of the PLR 
is an increasing delay because flows have to be stored in memories for 
longer before being released into the network. Finding the optimum balance 
between length of burst, queuing delay and PLR is key for the optimisation 
of optical packet-routed networks. 



6. CONCLUSIONS 

The advantages of integrating packet transport into the optical domain 
using the MPLS protocol have been described. Aggregation of packets into 
flows at edge routers allows the set-up of virtual connections between edge- 
routers that are passively wavelength-routed inside the network. The 
bandwidth offered by the large number of channels available in WDM can 
be efficiently exploited by MPLS, which allows to efficiently set-up 
different virtual connections for different classes of service whilst utilising 
the quasi-circuit switched nature of wavelength-routing. 
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Abstract: The "switchless" all-optical network is an alternative networking approach, 

developed in the framework of the ACTS project named SONATA 
(Switchless Optical Network for Advanced Transport Network), which aims to 
provide a future single-layer, advanced transport architecture on a national 
scale. The single-hop, shared-access network employs time and wavelength 
agility, using fast tunable transmitters and receivers. The dimensioning of this 
type of network is one of the main tasks for the design of the network, which 
serves a certain number of customers, connected together by means of Passive 
Optical Networks (PONs). This paper reports an analytical model which 
allows network dimensioning, according to relevant design parameters: 
number of customers per PON, number of PONs, offered traffic per single user 
(residential or business), number of total wavelength converters, and the 
required system performance expressed in terms of blocking probability. 
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1. INTRODUCTION 

The "switchless" concept was bom as an alternative transport network 
architecture; it has been proposed with the aims of avoiding the need of large 
and fast switching nodes, simplifying network stmcture and layer 
architecture within the network [1], [2]. The proposal consists of a single- 
layer network platform for end-to-end optical connections, able to serve a 
large number of terminals, distributed on a wide geographical area, and to 
handle residential and business traffic. This network model offers a multiple- 
access, based on a single node providing only passive routing functions [3] - 
[7]: it is realised by a WDMA/TDMA scheme [1], [2]. On this basis, a 
terminal is connected to the Passive Wavelength Routing Node (PWRN) by 
means of a set of wavelengths, each one carrying a TDM flow. In Figure 1, 
it is shown the system scheme. 

The stmcture is formed by Np PONs, N, fast tunable terminals (belonging 
to each PON), Na re-circulating lines (or "dummy ports"), and Nc lines 
dedicated to signalling. In this way, the total number of PWRN ports is 
N=Np+Nd+Nc. In general, cascade optical amplifiers are required, and, in 
large-split "HyperPONs", a noise gating functional block has to be 
introduced after those amplifiers for filtering out-band noise [10] [11]. As 
stated above about the access, a direct connection between two terminals, 
belonging to the same or to different PONs, is set up by the network control 
selecting a time-slot on that particular wavelength, which is associated to a 
specific input PON. This way of working allows us to define the 
"switchless" concept in the sense that physical switching function is removed 
from the network, limiting it to the terminals (infact, neither electronic 
switches/cross-connects [8], nor optical cross-connects [9] are needed). Of 
course, a centralized network control is required, but architecture 
simplifications and hardware reductions are obtained; moreover, collisions 
among calls are prevented by a cyclic assignment of wavelengths at the input 
of PWRN and by TDM A scheme. In Table 7, it is reported an example of 
wavelength assignment. To achieve a higher degree of flexibility in the use 
of network capacity and to support traffic that cannot be served directly 
(PON-to-PON connection), a set of Nd wavelength converter arrays, on re- 
circulating lines, is introduced (they offer auxiliary capacity to PWRN). In 
this way, a variable number of wavelengths, depending on traffic 
requirements, can be dynamically allocated between any pair of terminals: if 
a direct connection is not available, a call will be routed from a source PON 
towards the destination PON via a proper wavelength conversion, by using a 
free time-slot on a wavelength connecting the source PON with a "dummy 
port", and the same time-slot oa the wavelength connecting that "dummy 
port" to the destination PON. 
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In §1, it has been presented the "switchless" network scheme; in §2, it 
will be presented the analytical model, with network dimensioning 
considering a telephone traffic uniformly distributed (§2.1), and a telephone 
traffic with unbalanced distribution and limitation of wavelength converters 
number (§2.2); in §3, conclusions will be presented. 




Figure 1. Complete "switchless" network structure 



Table 1. Example of wavelengths conflict free allocation in 4x4 PWRN with Np=4 and Nd=2 
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2. MODELLING FOR NETWORK DIMENSIONING 

To assess the feasibility of the "switchless" network concept, it is 
necessary to investigate how the network should be dimensioned in terms of 
available resources, considering relevant network scenarios and realistic 
traffic distributions. In the framework of the ACTS-SONATA project, three 
relevant cases have been studied: small, medium, and large scale networks, 
referring to residential and business customers. In the analysis, it has been 
considered telephone traffic, both with uniform and unbalanced distribution. 
The choice of telephone traffic allows both the utilisation of Poisson traffic 
model and the achievement of meaningful results, so highlighting the main 
system properties. 

2.1 Analytical model - uniform traffic distribution 

We assume to have uniform traffic distribution between input and output 
PONs. In order to investigate the network performance, the blocking 
probability has been evaluated both as a function of network resources 
(number of PONs, number of "dummy ports", number of wavelength 
converters per "dummy port") and network requests (number of users). In 
this sense, the network dimensioning can be accomplished by evaluating 
network parameters that guarantee a blocking probability less than a fixed 
value, which represents a network quality parameter (e.g. lO"’). An exact 
computation of the blocking probability would require a solution of an Np- 
dimensional Markov chain, with a states number equal to T'^’’: such a model 
becomes too complex already with few PONs and a little time-slots number 
(T). 

To overcome this problem, it has been analysed a single traffic relation 
between the i-th input PON and the j-th output PON, and it has been 
evaluated the corresponding blocking probability taking into account traffic 
effects, related to the other traffic relations. According to uniform traffic 
hypothesis, this probability is also the blocking probability associated with 
the whole system. The logical model is shown in Figure 2. In Table 2, the 
notations used are defined. 
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Figure 2. Scheme of the analytical model 

In order to analyse the model sketched in Figure 2, the following simplifying 

hypotheses have been done: 

- wavelengths connecting the source PON to the "dummy ports" are 
considered to be blocking free. This means that input PONs have a 
dedicated wavelength converter per "dummy port", in order to establish 
connection input PON-output PON through a suitable wavelength 
conversion at the output of a "dummy port". This assumption allows the 
evaluation of the blocking probability due to the "dummy ports", as 
exclusively depending on the saturation of time-slots of a specific 
wavelength connecting the "dummy ports" with the destination PONs. 

- traffic refused by direct wavelengths and offered to the "dummy ports" 
(Ao,r, Ap) is represented by only its first two moments (the mean and the 
variance); this assumption allows the application of the Equivalent 
Random Traffic (ERT) method [12] for the analysis of the blocking 
probability of the wavelength outgoing from the "dummy ports". 

Four steps support the analysis: 

1. evaluation of the loss probability (Ui) experienced on the direct 
wavelengths (PON-PON): this is the probability that a generic call can 
not be handled by direct service, and it must go towards "dummy ports"; 

2. evaluation of the traffic refused by "dummy ports" and calculation of the 
relative blocking probability ( 712 ); 
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3. calculation of the total loss probability (it): this is the probability that a 
generic call cannot be accommodated anyway. 



Table 2. Notations for the network parameters used 



Parameter 


Definition 


Ao 


Average traffic intensity offered for single relation 
input/output; 


Ao,tot 


Average traffic intensity offered globally (Ao,tot=Np*Ao); 


Aci 


Average traffic carried by a direct wavelength between 
an input and an output PON; 


Ao,R 


Average traffic rejected for single relation input/output 
and offered to the "dummy ports"; 


Ap 


Average traffic rejected by all direct wavelengths and 
offered to the "dummy ports" (Ap=(Np-l)*Ao,R); 


Ac2 


Average traffic carried globally by the "dummy ports"; 


Ar 


Average traffic rejected by the system; 



On the basis of what said until now, we have three different blocking 
probabilities: the first at the input of direct service (input of router ports), the 
second at the input of "dummy ports", the third at the output of "dummy 
ports". In order to calculate the first loss probability, considering that direct 
wavelengths connecting the source and the destination PONs are considered 
as a group of T servers with at the input a Poisson traffic of average value 
Ao, it has been applied the Erlang-B analytical model; thanks to that, 
parameters as Tii (1), Ao,r (2), standard deviation ct^o,r (3), and the total 
traffic refused (4) by direct service can be calculated: 




( 1 ) 



o,R 



= A, 



■n. 



( 2 ) 
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Similarly, in order to calculate the blocking probability at the input of 
"dummy ports", traffic rejected by "dummy ports" must be calculated. This 
traffic is known to be peaked: so, it cannot be applied the Erlang model. 
However, according to the ERT method, this traffic can be thought as the 
overflow traffic of a group of N* servers (called preamble system) loaded by 
Poisson traffic of average value A*. These equivalent parameters can be 
calculated, solving the following two-equation system (5): 



o, dummy 



♦ * * 

= A -BiA ,N ) 



dummy dummy 



\ — A j + * 

o .dummy * 



N +1-A +A 



o. dummy 



(5) 



Once A* and N* are known, the mean value of the traffic overflowing the 
"dummy port" system (6) and the blocking probability at the input of 
"dummy ports" (7) are given by: 



* r * / * Y| 

A^=A b\a +N^.t}\ 



( 6 ) 



n 



in 




(7) 



Now, to complete the analysis and to find the total blocking probability, 
we must take into account conflicts at the output of the "dummy ports": to do 
this, "dummy ports" have been considered as a cascade of two gates, in 
which offered traffic can be rejected by the second block. In this case the 
evaluation of the second loss probability is given by: 



n, )-(l-7T ,) 

2 in ^ ^ out ' 



( 8 ) 
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where: 

(l-7iin) is the probability that there is at least one slot for access to re- 
circulating line, considering traffic rejected by direct connections; 
(l-7tout) is the probability that there is at least one slot to leave the re- 
circulating line, considering only the traffic that has passed the input 
block of "dummy ports". 

The blocking probability at the output of the "dummy ports" is calculated 
by Frederick's model. 

To be noticed that this model is not rigorous: it doesn't take into account 
the coincidence of time-slots at the input and output of "dummy ports". The 
total blocking probability is given by n = 7ii*7i2. 

2.1.1 Network dimensioning results for uniform traffic distribution 

To investigate system performance, we consider three different scenarios 
(large, medium, small region), corresponding to different sizes of a region 
served by the system, and two user classes (residential and business); the 
data used for the study are reported in Table 3. A single business user 
presents a traffic intensity of 0.15 Erl, while a residential user presents a 
traffic intensity of 0.05 Erl; the average call holding time is supposed to be 
equal for both classes. The scenarios introduced are analysed considering a) 
full residential (100% of residential users); b) mixed (78% of residential 
users and 22% of business users); c) full business (100% of business users). 
Finally, T = 1000 is the maximum number of time-slots of the TDM flow 
dedicated to the telephone traffic on each wavelength line accessing the 
PWRN. 



Table 3. Network and traffic scenarios for system performance analysis 



Network scenarios 


Traffic scenarios 


Type 


Number of 
users 


Residential 


Mixed 


Business 


Small region 


15000 


750 Erl 


1080 Erl 


2250 Erl 


Medium region 


150000 


7500 Erl 


10800 Erl 


22500 Erl 


Large region 


2000000 


100000 Erl 


144000 Erl 


300000 Erl 



In Figure 3, for instance, are reported the values of the PWRN port 
capacity, Cs(Np), expressed in number of time-slots vs. the number of PONs, 
for the different considered scenarios. To be noticed that Cs(Np) is defined as 
the minimum between 1000 time-slots and the minimum value to guarantee 
the 1* loss probability (only for direct service) less than 0.1. From this 
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figure, we can see that increasing the number of PONs, Cs(Np) decreases 
because the total offered traffic per PWRN port decreases. Moreover, it is 
intuitive to understand that, for a given loss probability and PWRN capacity, 
increasing the number of PONs, the number of "dummy ports" (or, 
equivalently, the auxiliary capacity on re-circulating lines) decreases, 
because calls, on average, can be handled through direct connections 




Figure 3. Number of slots vs. number of PONs in considered system scenarios 



A parameter that can be chosen for representing the system cost is the 
total number of ports (NO of the PWRN. In Figure 4, it is sketched the total 
number of ports vs. the number of PONs (Nj): 

- for low Nd values, the PWRN size decreases as the number of "dummy 
ports" increases; 

- for higher values of the number of "dummy ports", PWRN size linearly 
increases with Nd. 

The threshold between the two zones is the best choice for system 
configuration. 
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Figure 4. Total number of PWRN ports (Nt) vs. number of PONs (Nd) 
in case of residential traffic scenario (constraint: Jt<10'^) 

In order to understand the real potentiality of the "switchless" network, in 
Figure 5, the number of users that can be supported by a single PWRN vs. 
the number of "dummy ports" is shown, considering the constraint n < 10'^. 
The data reported in this figure suggest that this kind of system could be 
used to serve a wide area, comparable with a medium-large country, with a 
lot of users. 

2.1.2 Comparison between analytical and simulation models 

In order to test the reliability of the analytical model, we have realised a 
simulative model, obtaining, for the same relevant cases, several results; 
such results have been compared with those arising by analytical model. The 
comparisons have shown that the difference among results obtained by 
analytical model (using Wilkinson and Fredericks model, considering the 
block at the output of "dummy ports"), and those obtained by simulation 
model is negligible. Moreover, it has been observed that the contribution of 
the block point at the output of "dummy ports" to the calculation of global 
blocking probability is negligible. On this basis, all the other results have 
been obtained neglecting the contribution of the block at the output of 
"dummy ports". 
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Figure 5. Maximum number of users vs. the number of dummy ports (Nd) for Jt<10'^ 



2.2 Analytical model - unbalanced traffic distribution 

Until now, it has been considered a uniform traffic distribution among 
PONs. Now, we remove this limitation and consider the more realistic case 
of an unbalanced traffic distribution: some PONs offer more traffic to the 
PWRN than others do. We assume that the total offered traffic by all PONs 
follows a gaussian distribution: there will be a single PON which offers, on 
average, more traffic than others PONs, with a certain standard deviation. Of 
course, on time, PON, which offers more traffic, will not be always the 
same, but we imagine a situation variable in time. Traffic type is still 
supposed only telephone. The analytical model is the same described in §2.1. 
There are only two differences: firstly, traffic parameters must be expressed 
as a sum of different terms: 

i=\ 
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The second difference is that the requested number of “dummy ports” 
depends on PON activity; the PON which offers more traffic uses more 
“dummy ports” or wavelength converters; the PON which offers less traffic 
uses less “dummy ports”. 

2.2.1 Network dimensioning results for unbalanced traffic 
distribution 

We have considered two possibility choices for network dimensioning: 
the first in which we choose a number of “dummy ports” equal to the 
maximum value requested by that PON which offers more traffic, and the 
number of wavelength converters is equal to the number of PONs. In the 
second we maintain constant the total available resources, increasing the 
number of “dummy ports”, but reducing the number of wavelengths per 
“dummy port”. 

The major results obtained with the first network dimensioning type are 
shown below. 

In Figure 6, assuming 10 input PONs belonging to the PWRN ports and 
a standard deviation equal to 2, it is shown the blocking probability vs. the 
number of “dummy ports”, for each PON; it is also shown, as comparison, 
the curve relative to the mean value of loss probability. 

It can be seen that the PON that offers more traffic (in this graphic it is 
represented by curve labelled with the number 5) requires more “dummy 
ports” (offering more traffic to the PWRN, it needs more wavelength 
converters, that is, more auxiliary capacity), for a given blocking probability. 

In Figure 7, it is shown the number of wavelength converters vs. the 
number of PONs, varying standard deviation; it is included also a curve for 
uniform traffic distribution. It can be seen that increasing the standard 
deviation value, system behaviour is close to system behaviour in uniform 
traffic case. Moreover, increasing number of PONs, number of wavelength 
converters decreases because, for a given total offered traffic at input of the 
system, traffic offered per each relation input PON i/output PON J decreases. 

The major results obtained with the second dimensioning choice will be 
shown below. 

It is worth to notice that in this case, considering that now the number of 
wavelength converters per “dummy port” is limited to a number less than the 
number of input PONs, we must use tunable wavelength converters in the re- 
circulating lines. Besides, considering that the number of these devices are 
limited, another block point must be taken into account; infact, a call cannot 
be handled if there isn’t a free wavelength converter in the re-circulating 
lines. Also this blocking probability is calculated by the Fredericks method. 
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Figure 6. Blocking probability (ordinate) vs. the number of “dummy ports” 
(abscissa), for 10 PONs (each color is relative to a PON) 
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Figure 7. Number of wavelength converters (ordinate) vs. the number of PONs 
(abscissa), varying standard deviation 




216 



S. Binetti, A. Bosco, M. Listanti, A. Maga, R. Sabella 



In Figure 8, assuming a uniform traffic distribution among PONs, it is 
shown the blocking probability vs. the total number of wavelength 
converters, varying the number of wavelength converters per “dummy port” 
(that is, the number of wavelength converters effectively needed). It can see 
that, diminishing the number of wavelength converters per “dummy port”, 
their total number decreases; however, this variation is not remarkable (for a 
blocking probability of 10'^, the number of wavelength converter change 
from 93, with WC=10, to 70, with WC=2). 




Total number of Wavelength Converters 

Figure 8, Blocking probability vs. the total number of wavelength converters, 
varying the number of wavelength converters (WC) per “dummy port”, 
assuming a uniform traffic distribution among PONs 

Different result is obtained considering an unbalanced traffic distribution 
among PONs, as shown in Figure 9: using five wavelength converters per 
“dummy port”, the reduction in the total number of wavelength converters is 
very remarkable (from about 250 to 130 wavelength converters); it justify 
the higher cost and higher control complexity because of the use of tunable 
converters. 
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Figure 9. Blocking probability vs. the total number of wavelength converters, 
varying the number of wavelength converters per “dununy port”, 
assuming an unbalanced traffic distribution among PONs 

2.3 Comparison between analytical and simulation 
models 

The validity of these models, under the hypotheses made, has been 
verified. The comparison, in the case of no limitations on wavelength 
converters, has shown that analytical and simulation models are very close; 
they are not coincident because, in simulation model, time -slots 
coincidence at the input and output of “dummy ports” have not been taken 
into account. 

In case of limitation of wavelength converter per "dummy port", the 
validity of the models, and the hypotheses made have been verified through 
another simulation model. Also in this case, the comparison has shown that 
analytical and simulation models have a very close behaviour. 
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3. CONCLUSIONS 

In the framework of ACTS-SONATA project, it has been developed an 
analytical model that allows “switchless” network dimensioning, in the case 
of Poisson and Gaussian traffic, considering different user classes. These 
models have been demonstrated to be in full agreement with simulation 
models, also developed within the same project. The number of customers in 
a PON, the number of PONs, the number of re-circulating lines (i.e. the 
number of wavelength conversion blocks or “dummy ports”), and the total 
number of wavelength converters have been considered as design 
parameters. As results, the analyses reported for some relevant cases showed 
that is possible to assess the feasibility of a “switchless” network, since there 
are no constraints in realising networks covering even for large-scale areas. 

On the basis of a gaussian traffic distribution, it has been seen that the 
PON which offers more traffic requires more “dummy ports”; moreover, the 
more unbalanced is the traffic offered, the higher is the number of “dummy 
ports” for a given blocking probability. 

About network dimensioning, limiting wavelength converters number per 
“dummy port” and increasing these, we have found that advantages, in terms 
of reduction of total wavelength converter number, can be obtained in both 
cases of uniform and unbalanced traffic distribution: but, while in the first 
case the reduction of total converters is little, in presence of an unbalanced 
traffic distribution the advantages is higher, justifying the increment in cost 
and control complexity due to the use of tunable wavelength converters, on 
the re-circulating lines. 
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Abstract: In this communication we consider a dual wavelength scheme that allows the 

use of bipolar codes in optical code division multiple access networks. The 
performance of the system is derived for asynchronous and asynchronous 
users, and the results show that significant throughput improvements are 
achievable relatively to the conventional schemes relying on unipolar codes. 



1. INTRODUCTION 

Optical fiber networking will be undoubtedly one of the key components 
to meet the growing demands of the information society. At the core of the 
development is the huge bandwidth of a single mode fiber that can support 
up to several Tbit/s transmission capacity. Due to the speed limitation of 
signal processing in the electrical domain, optical multiplexing techniques 
have to be employed to exploit the full transmission capacity. 

Presently there is some consensus on the use of wavelength division 
multiplexing [WDM] for more efficient utilization of the bandwidth of 
existing optical fiber links, upgrading their capacity in a cost effective 
manner [1]. The implementation of dense WDM requires however high 
precision wavelength stabilization techniques as well as the optical 
frequency standard. An alternative to WDM is code division multiple access 
(CDMA), or code division multiplexing (CDM), where the signals from 
different terminals coexist either in time or frequency, and are discriminated 
through an unique code or signature attributed to each user. CDMA relies on 
spread spectrum transmission techniques, and has gained a wide acceptance 
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in radio communications: it is used in several commercial systems, and has 
already been specified as the technology for third generation cellular 
systems. Code division multiplexing offers some advantages over the more 
traditional techniques based on time or frequency discrimination, namely: 

It allows uncoordinated access to the common transmission 
medium; 

It presents a soft performance degradation as a function of the 
number of users, which may be exploited when considering 
applications requiring different quality of services; 

It presents some inherent security. 

These advantages result in a more flexible network requiring a less 
sophisticated management when compared to FDM or TDM. Furthermore in 
optical fiber networking CDM can be elegantly overlaid on the existing 
WDM networks providing an enhanced versatility and helping to solve the 
future wavelength resource problems [2]. It is therefore expectable that 
similarly to what happened in radio communications, the CDM techniques 
will be a key component of optical multiplexing in the medium term, and in 
fact considerable research on this topic has been carried out in the last years. 
The work on optical CDMA (OCDMA) has been focused towards two 
different categories: 1) coherent systems using phase-shifted code sequences 
[3-7] and 2) non-coherent systems adopting intensity modulated sequences 
[2, 8-10]. Non-coherent systems have significant advantages in terms of the 
complexity required to build the transmitters and receivers, but because they 
are based on intensity modulation, the signature codes are restricted to 
unipolar (0,1) sequences. This non-negative nature of the signals, prevents 
the use of the well studied bipolar codes commonly used in radio 
communications and provided the impetus for the development of unipolar 
pseudo-orthogonal codes [3, 5,11-12]. The number of available codes is 
however rather low and they are clearly inferior in terms of auto-correlation 
or cross-correlation properties to the well designed bipolar codes such as 
Gold or Kasami sequences, thus putting limits on the maximum number of 
simultaneous users. To allow the use of bipolar codes and thus take 
advantage of the extensive material available on the design of bipolar 
sequences with good properties, one solution is to go to optical coherent 
communications. The option for coherent communications represent 
however a significant increase in the complexity of transceivers: the coders / 
decoders must employ phase shifters to reverse polarity, and receivers 
require phase feedback control loops which are difficult to engineer. 
Motivated by these facts we consider in this communication a solution of 
intermediate complexity: the coders / decoders are based on phase-shifted 
optical sequences enabling the use of bipolar codes, but information 
corresponding to logical ones and logical zeros is sent in different 
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wavelengths which are detected non-coherently. This constitutes basically a 
non-coherent FSK system. The communication is outlined as follows. In 
section 2 we present the architecture of the system we will be dealing with 
and describe the transceivers for the non-coherent system suitable to operate 
with bipolar codes. In sections 3 we derive the performance of the proposal 
for both cases of synchronous and asynchronous networks, and based on 
these results present in section 4 numerical examples and comparisons 
against the corresponding systems based on unipolar codes. Finally in 
section 5 we outline the main conclusions of this work. 

2. SYSTEM MODEL 

The general architecture of the network we are dealing with is shown in 
Fig. 1. There are N transmitter / receiver pairs (users), and each user is 
assigned a unique signature or code sequence to assess the common medium. 
The block diagram of the transmitter used at each station is shown in Fig. 2. 
Two pulsed laser diodes (LD), one operating at wavelength Ao and the other 
at wavelength Ai are used. Each LD outputs a train of pulses with duration t, 
and period T, where l/T is the data bit rate. The data sequence modulates the 
intensity of the first LD, and the complementary data the intensity of the 
second. With a logical 1 in the incoming data we get a pulse of duration t at 
the output of the upper modulator and no signal at the output of the lower. 




Figure 1. Optical CDMA system in a star configuration. 
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while for a logical 0 the situation is reversed. The transmitter encoder may 
be implemented using the fiber optic transversal filters of Fig. 3, which have 
been experimentally demonstrated in [2] and [9], although other ladder 
network structures are also feasible [13]. The phase shifts of the various taps 
are tuned to be 0 or n, which allows one to generate with N taps any PSK 
code of length N. 
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Figure 2. Block diagram of transmitter 




Figure 3, General structure of all optical encoder/decoder. 
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The optical transmitted signal can then be written as 



yit) = 



'ZakC(t-kT)ej^’^o‘ + J,a-ai,)cit-kT)ej^’^'' 

k=-oo k=-oo 



( 1 ) 



where {a^t} is the unipolar data sequence, fQ^dX^, /, =c/A, and Pj the 
peak optical power. 

The code waveform cit) is given by: 

N-l 

c{t) = '^CjPj(t- jTc) (2) 

i=o 

where (t) is a rectangular pulse of duration t, and j the bipolar ( ±1 ) 
code sequence. 

The structure of the receiver is shown in Fig. 4. The optical received 
signal is splitted in two arms. An optical filter tuned to the optical frequency 
fo, extracts the first component in the right hand side of (1), while the filter 
tuned to f\, recovers the second term. An optical decoder matched to the 
encoder used in the transmitter, i.e. with the taps reversed, follows each 
optical filter. This gives at the sampling points kT, an intensity peak in the 
upper arm if the data symbol is a logical one and a peak in the lower arm if 
the data symbol is a logical 0. Each decoder is followed by a photodetector 
and the difference applied to a decision device according to the principles of 
conventional non-coherent FSK receivers. 




Figure 4. Block diagram of the receiver. 
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3. SYSTEM ANALYSIS 



In the analysis we shall consider the two cases of synchronous and 
asynchronous users In a synchronized network, there is some centralized 
control that provides the correct timing to each station so that the signals 
from the different stations arrive synchronous, i.e. time aligned at the central 
NxN optical coupler. In an unsynchronized network, there is no timing 
coordination between the stations and the signals arrive at the coupler with 
different timing alignments. A synchronized network may achieve a 
significantly better performance than an unsynchronized one since good 
codes are much easier to design with this restriction but it entails an extra 
complexity, and it may often preferable to set the network with 
uncoordinated users easing the management tasks. 

We will consider without loss of generality the receiver for user 0, and 
once we are interested in the performance limits imposed by the existence of 
multi-user interference, we will consider ideal components and neglect other 
sources of disturbance. The derivation assumes thus a high enough signal to 
noise ratio so that the system is multi-user interference limited. 

Considering first the synchronized network, the optical received signal 
for K simultaneous users is in complex notation 



K-\( 



^ it - 



^ (1 - af (t - 



i=0 



k=- 









) 



(3) 



where it is assumed that we have a perfect power control. 

Let us consider that the undesired frequencies are completely eliminated 
by each of the optical filters and a code length of N. The complex envelope 
at the output of the matched decoders at time t=T is given by 

ro (T) = + 1; £ cf cf £, ) 

/=1 j=0 

r,(r) = aV^((l-af 



(4) 
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Ep = ^p^{t)dt, is the energy of the elementary pulse, 

— oo 

N-\ 

=^o,((0)the cross-correlation between the code of users 0 and i. 



j=o 

with the sequences aligned, and a accounts for the losses of the splitter and 
filter. 

The variable used for performing the decision about bit 0 is thus 



v = \ro(Tf -\r,(Tf =a^P^El 



K-\ 






i=\ 



■cc^PrEI 



K-l 






/=1 



( 5 ) 



From (5), we conclude that if the codes are orthogonal ( (0) =, V/ 0 ), 

then the system is multi-user interference free, and the decision variable is 
simply proportional to ^7^°^ =2aQ®^ -1, requiring a threshold comparison 

against 0. Bipolar orthogonal codes can be constructed using Hadamard 
matrices through the iterative procedure 



H(0) = [l] 



H(n) = 



H(n-l) 

H(n-l) 



H(n-l) 

-H(n-l) 



( 6 ) 



leading to a total of 2" orthogonal codes with length N=2", and consequently 
a synchronous network can support 2" simultaneous users. 

Let us now consider a network with uncoordinated users. The signals 
from the different stations arrive at the optical coupler with different delays 
and consequently the optical signal at receiver 0, is 



r(/) = ^ (1 - af )c*'^ (t - kT-ii )e^'<2>5f,r+0,) 

/=0 A:=-oo k=^ 



( 7 ) 



where t, is the delay of signal i. 

The derivation the bit error rate (BER) performance is done in Appendix 
A. Assuming that the code sequences can be considered as true random 
binary sequences, one gets 
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3N 

2(K-\) 



( 8 ) 



Equation (8) is for well designed bipolar codes such as Kasami or Gold, a 
conservative upper bound, since the auto-correlation and cross-correlation 
properties of these codes are better than those of pure random sequences. 
Comparing against the performance obtained with a fully coherent PSK 
system, (8) represents a degradation slightly higher than 3dB, i.e. the number 
of simultaneous users is reduced by a factor of 2 due to the non-coherent 
nature of the detection process. 



4. NUMERICAL RESULTS AND COMPARISONS 

To illustrate expected performance of the system in an unsynchronized 
network, we plot in Fig. 5, the bit error rate as a function of the number of 
users K, for codes lengths 31, 63, 127 and 255, which are the natural length 
of Gold codes. The results show that for a target of 10'^ for the BER the 
maximum number of simultaneous users is slightly under 10%. 




Figure 5. Bit Error rate as a function of the number of users in an asynchronous network. 
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To compare the proposed system against the more conventional 
approaches based on unipolar codes, we consider the expected throughput 
for a given BER target. Let us define the throughput as the maximum 
allowable aggregate bit rate per channel usage, where the channel usage is 
the chip slot duration Tc. 

In a synchronous network with orthogonal codes of length N=2" as 
described in section 3, the optical channel can be shared by 2" users each 
with a bit rate l/2"r^. The aggregate bit rate is thus \!Tc giving the 
throughput, 

r)s,=^ ( 9 ) 



In the asynchronous network the system is not interference free, and we 
have to specify a BER target to define the system throughput. Let be L the 
argument of the exponential in (8) that guarantees the required BER, then 
the maximum number of simultaneous users is 



— 1 + 



3N 

2L 



( 10 ) 



and the throughput is 



'9asJj 



N 2L 



( 11 ) 



To compare (9) and (11) against the conventional use of unipolar codes 
in optical communications, we consider the results of [3] for asynchronous 
networks and [5] for the synchronous case. In [3] the authors considered 
unipolar prime codes, and in [5] a modification of them consisting in an 
extended set including the original prime codes and the corresponding 
shifted versions. Prime codes, are binary unipolar sequences of weight P and 
length N=F^, with P being a prime. The bit error rate in asynchronous 
networks, obtained with this family of codes, was after some approximations 
found to be [3] 
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Pb =Q( 



P 



) 



( 12 ) 



and for synchronous networks [5] 



Pb = Q( 




(13) 



where Q(,x) = 



OO 




Let ybet the argument of Q(.) that guarantees th< 
and (13) he maximum number of simultaneous users 



IS 






1 . 16 /^ 



Asynchronous network 



(14) 



^max = 1 + “T Synchronous network 
Y 



and the throughput 



^as,u p2 



1.1 



1 1 



Asynchronous network 
Synchronous network 



(15) 



Using (9), (11) and (14), we get in the limiting case of long codes, and 
for BER target = 10“^ , the following results: 



Unipolar asynchronous rj -> 2.3% 
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Unipolar synchronous: rj->2.8% 

Proposed scheme asynchronous: p -> 7.5% 

Proposed scheme asynchronous: rj = 1. 

We note that with unipolar codes there are no significant throughput 
improvements when going from an asynchronous to a synchronous network. 
This is an expected result, since the motivation of the author in defining the 
modified prime codes was to increase the number of available code 
sequences while maintaining the cross-correlation limits. The use of the 
proposed scheme with bipolar codes provides a dramatic improvement if the 
network is synchronous. For the asynchronous case, the improvement is far 
less spectacular but still non-negligible, and in fact with well-designed codes 
such as Kasami or Gold, we expect a slightly better improvement than the 
one obtained assuming random sequences. 



5. CONCLUSIONS 

In this communication we have proposed and analyzed a transmission / 
reception scheme that allows the combination of non-coherent detection and 
bipolar codes in optical CDMA. The scheme relies on the optical bipolar 
coders / decoders proposed in [2], and is basically a direct-sequence spread 
spectrum transmission system with a non-coherent FSK modulation. The use 
of non-coherent detection eliminates the need of the complex and sensitive 
phase control loops, essential in any coherent scheme, and represents thus an 
important step towards the simplification of receivers. The analysis of the 
system was done both for synchronous and asynchronous users in the 
network. The results show that the main feature of bipolar codes arises in 
synchronous networks, where the use of orthogonal bipolar codes allows a 
dramatic improvement in the throughput when compared against the 
conventional sequences. With asynchronous users, there is still some 
significant improvement although much less pronounced that in the case of 
synchronous networks. 



APPENDIX A 

Let us consider the signal defined by (7). We shall without loss of 
generality consider the detection of user 0, and assume the delay and phase 
shifts for this signal to be the reference, i.e. Tq = 0,^o = O,0 q = 0 • The signal 

at the output of the matched filter at T, is (omitting the factor ) 
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V /=1 



f K-l . 

•, (D = (1 - 4'^ )iV£p + S (d - ai'/ )/?oi (t,- ) + (1 - )4 (t,. ))e^' 

V /=i 



J^i 



(A.1) 



where 



r-l 



^Oi\^i>-^pl 2 j^J ^N+j-r-l^^plJj^J ^N+j-r 
y=0 y=0 

4-(«-,)=£SS^?M2,-.+£SE'“^5w 



(A.2) 



J=r+1 



;='• 



with T; =rT^ +£,• (0<£, <T^) and 




(A.3) 



To obtain tractable results we assume that the multi-user interference 
affecting the components af^NEp and (l-a^®^)A®pin (A.2) can be modeled 

as a complex Gaussian process. This is a reasonable assumption for a 
moderate to high number of simultaneous users. Furthermore we shall use 
the following assumptions: 

The phase shifts and 0, are uniformly distributed in the interval 
[0,2;r J and are uncorrelated. 

The time delays r;, are uniformly distributed in the interval [0,rj and 
independent. 

The code sequences } are assumed to be independent sequences 

of i.i.d. random variables taking the values 1 and -1 with equal 
probability. 
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The duration of pi(0 is Tc. 

Let us define the real and imaginary parts of the interferences as 



K-l( 

Io(T)- 1 ( 


A ’ ^0,- = "cl + Kl 




/=l 
K-\ / 


^ \ 


(A.4) 


h(T)= 1 ( 
/=1 


:i - (T,. ) + (1 - a® (T,- = n,2 + >.2 





It is easy to verify that with the assumptions pointed out we have 
in,i,n,i)o.N{0,(K-m^) / = 0,1 (A.5) 



Because of the symmetry of the problem, we may assume without loss of 
generality = 1 , and compute the probability of bit error for this case. We 
get an error decision if 

+«c0 <Ki + Alp (A.6) 



and then using the well-known results on the probability of a Rice random 
variable exceeding another one [14] we obtain 




3N 

2(K-\) 



(A.7) 



REFERENCES 

[1] Special Issue on Multiwavelength Optical Technology and Networks, IEEE J. Light.., vol. 
14, June 1996. 

[2] K. Kitayama, “Code division multiplexing lightwave networks based upon optical code 
conversion”, ”, IEEE J. Select. Areas Commun., vol. 14, pp. 1309-1319, Sept. 1998. 

[3] P. R. Prucnal, M. A. Santoro and T. R. Fan, "Spread-spectrum fiber optic local area 
network using optical processing", IEEE Journal of Light. Tech., pp.547-554. May 1986. 

[4] J. A. Salehi and C. A. Brackett, "Code division multiple access techniques in optical fiber 
networks - Part II: System performance analysis”, IEEE Trans. Commun, pp.834-842, 
Aug. 1989. 




234 



A. Gameiro 



[5] W. C. Kwong, P. A. Perrier and P. R. Prucnal, "Performance comparison of asynchronous 
code-division multiple-access techniques for fiber-optic local area networks", IEEE Trans. 
Commun, pp.1625-1634, Nov. 1991. 

[7] J. K. Tang and K. Ben Letaief, “Optical CDMA communication systems with multi-user 
and blind detection”, IEEE Trans. Commun., vol. 47, pp. 1211-1217, Aug. 1999. 

[8] M. E. Marhic, "Coherent optical networks". Journal of Light. Tech., pp. 854-864, 
May/June 1993. 

[9] N. Wada and K. Kitayama “A lOGb/s optical code division multiplexing using 8-chip 
optical bipolar code and coherent detection”. Journal of Light. Tech., pp. 1758-1769, Oct. 
1999. 

[10] W. Huang and I. Andonovic, “Coherent optical pulse CDMA systems based on coherent 
correlation detection”, IEEE Trans. Com, pp.26 1-271, Feb. 1999. 

[11] F. Chung, J. Salehi and V. Wei, “Optical orthogonal codes: design, analysis and 
applications”, IEEE Trans, Inf. Theory, pp. 595-604, May 1989. 

[12] A. S. Holmes and R. Syms, "All-optical codes using "quasi-prime" codes", IEEE Journal 
of Light. Tech., pp.279-286, Feb 1992. 

[13] M. Chang and M. E. Marie, “Fiber-optic ladder networks for inverse decoding coherent 
CDMA”, Journal of Light. Tech., pp. 1952-1962, 1992. 

[14] J. G. Proakis, Digital Communications, MacGraw Hill 1989. 




Access Control in Shared Access Networks 
Supporting Internet DiffServ 



J. D. Angelopoulos, N. Leligou, Th. Orphanoudakis, G. Pikrammenos, 
J. Sifnaios and I. S. Venieris 

National Technical University of Athens, 

Electrical and Computer Engineering Department, 

GR15753, Athens, Greece, e-mail: ian 2 el@cs.ntua. 2 r 



Key words: MAC, HFC, PON, DiffServ, QoS. 

Abstract: Shared access networks such as hybrid fiber/coaxial and passive optical networks have 

emerged as promising ways to reduce the cost of the transition to a broadband access 
infrastructure and provide a graceful upgrade path towards the photonization of the local 
loop. The TDMA multiplexing of traffic entering such a system is governed by the MAC 
(Medium Access Control) protocol, which arbitrates the allocation of bandwidth to the 
shared feeder. At the same time the need to integrate telecom services presenting 
demanding quality requirements with plain Internet best-effort services over the same 
infrastructure, brings new issues to the design of such an access mechanism. The MAC 
protocol as the only arbiter of the upstream bandwidth directly affects the Quality of 
Service (QoS) provided to each upstream traffic flow and must meet several constraints. 
Such constraints include the adequate speed of operation exploiting in the highest degree 
the speed of H/W implementation, flexibility to support efficiently the largest number of 
services and applications offering an adequate number of QoS classes like the 
differentiated services (DiffServ)and independence of higher layers, protocols and future 
extensions to traffic management specifications. The implementation of a mechanism 
targeting these goals and its evaluation using computer simulation are presented in this 
paper. 
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1. INTRODUCTION 

The access part of telecommunication networks also known as the “local 
loop” is characterised by low traffic intensities and high cost per traffic 
volume. It is typically amortized by very few customers and the last drop by 
just one. Thus it is very sensitive to cost and experiences much longer 
investment life-cycles. To reduce the cost while retaining the evolutionary 
prospects, tree-shaped topologies exploiting a shared feeder fiber are a 
promising solution. Typical examples are bi-directional Hybrid 
Fiber/Coaxial (HFC) networks (an evolution of CATV systems) as well as 
passive optical networks (PONs). Both architectures rely on shared optical 
fibers in the feeder section while the existing copper infrastructure remains 
on the home side at least for the introductoiy phase when fiber will not go 
into the last drops. 

In both systems, sharing of the upstream channel (from customer to 
network) is usually effected through TDMA multiplexing. A Medium 
Access Control (MAC) protocol is employed to arbitrate the access to the 
slotted common medium by allocating slots to customer terminations 
according to demand [5], [6]. 




Figure 1. Conceptual view of distributed access multiplexing 

This results in a distributed queuing system characterised by the long 
time required to pass control information from the queuing points to the 
service controller residing at the head-end. The allocation of upstream slots 
in a tree-topology access system is based on a reservation method which 
allows to dynamically adapt the bandwidth distribution to traffic 
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fluctuations. The MAC controller collects access requests and then allocates 
the upstream slots by sending access permits. It is important to note that the 
service policy of the MAC governs the distributed multiplexing from a 
central point situated miles away at the head-end. This has the important 
implication that regarding the delay control, the acquisition of arrival 
information and buffer fill levels includes a considerable delay element. This 
delay element does not exist in centralized multiplexing schemes, operating 
typically at a switch queuing point. In contrast, drop policies must be 
distributed over all network terminations (cable modems) where the flow 
identity and fill levels are known. Because of the much larger reservation 
delay and statistical behavior of the aggregations from many customers, 
special care must be taken to safeguard QoS to sensitive traffic. This requires 
a prioritization scheme integrated in the MAC function of PONs and HFC 
systems as was already identified in [5]. This must be in line with the recent 
advances in networking that include the two major approaches in offering 
multi-service broadband access enriched with differentiated QoS support 
namely the categorization of traffic classes by the ATM Forum [8] and the 
differentiated services (DiffServ) strategy of IETF [I]. In the following 
sections the implementation and performance of an HFC MAC aligned to the 
DiffServ architecture will be presented. Similar design considerations apply 
to PON MAC protocols with some adaptation to the higher line rates of a 
PON. 



2. DESIGN OF A MAC FUNCTION FOR A SERVICE 
INTEGRATED MULTILAYER HFC ACCESS 
NETWORK 

From a traffic engineering point of view, the tree-shaped access system 
exhibits a very different behaviour between the upstream (from customers to 
core) and the downstream (from core to the customers) direction. In the 
downstream, the broadcast nature of the medium creates replicas of the 
signal (in the passive splitters of PONs or the taps of HFC systems) giving 
rise to privacy and security issues. These are typically dealt with by means 
of encryption, which is out of the scope of this work. In the upstream on the 
other hand, the MAC control function effects multiplexing / concentration of 
the traffic from all active modems as typically occurs in the output ports of 
any switching node (Figure 1). However in this case it is characterized by 
the distributed nature of the queuing points and the additional difficulties in 
the exchange of control information. Failure to recognize the packet 
precedence and behave accordingly would result in loss of QoS for any 
sensitive flow under high load. To apply any scheduling or priority 
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discipline requires the correlation of the traffic from all multiplexed sources 
going to the one common egress point of the system. 

Traffic categorization may be connection based following the ATM 
approach or flow based following the DiffServ approach of the IETF. The 
system under consideration employs a TDMA slotting designed for ATM 
cells. Such an ATM slotting complies with the approach followed by the 
main standards bodies, like DA VIC 1.3 and 1.4, DVB/ETSI ETS 300 800, 
(now incorporated in DA VIC), and IEEE 802.14 [4]. Regarding PONs the 
ATM slot size is used in G.983 [9]. So we will consider the ATM size slots 
as a quantum of the MAC assigned bandwidth allocation. To accommodate 
IP frames, several slots are successively assigned by the MAC. However, 
even if IP is not offered over ATM, the legacy of short slots can be used to 
advantage in the context of the DiffServ architecture over a slow shared link 
such as HFC. Namely, it allows to suspend the transmission of a lower 
priority packet, on the boundary of a slot (cell), and transmit delay-sensitive 
packets before resuming the transmission of the low priority one. In addition, 
fixed slots are easier to handle in a HAV based MAC. 

Logically the MAC protocol functions similarly to a centralized 
multiplexer i.e. connections or IP flows with demanding QoS must be 
identified and receive properly differentiated treatment from the plain best 
effort traffic. This is accomplished in the cable modem or the ONU during 
packet classification by placing the corresponding cells in the high priority 
queue which will subsequently place higher priority requests and activate the 
higher priority permit allocation MAC algorithms. 

To reduce complexity in this cost-sensitive residential access system, 
services are grouped into behavior aggregates (classes) with a similar set of 
requirements providing scalability and flexibility. Given the fluidity of 
service class definition and the fact that the MAC is implemented mainly in 
HAV, it was deemed adequate to implement just 4 priority classes in the 
MAC, leaving finer aggregations and more elaborate forwarding policies, to 
be implemented at the egress of the HFC system. All that is required from 
the MAC is not to deny quality to any groups of flows. The basis of this 
approach is the use of access priorities in the reservation system which can 
be programmed to fit with required traffic descriptors by means of SAV 
programming of the mapping of flows to priorities. 

The characteristics of the four aggregation levels/priorities are the 
following; 

• The high priority is devoted to delay-sensitive periodic CBR traffic.This 
class targets services with very strict delay requirements, which undergo 
strict traffic profile control (traffic conditioning) such as CBR ATM 
connections and the EF (Expedited Forwarding) service [2]. 
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• The second priority level is devoted to real-time variable rate flows, such 
as video services or VoIP and it is provided with a minimum guarantied 
rate by means of pre-allocated permits and peak rate policing for 
guaranteed QoS. MAC exercises a policing function by rate checking 
before issuing the permits. This is based on credit allocation at the time 
of subscription or connection set-up. In the DiffServ context it could be 
used for the top AF (Assured Forwarding) class. 

• The third priority is devoted to data services with higher requirements 
than best-effort. The traffic profile control assumed for this class aims at 
minimizing the loss of packets and the disturbance to other traffic. The 
credit scheme is used to guarantee a minimum rate (while credits last) 
while traffic exceeding this limit is relegated to the 4* priority permit 
generation. The 3"^ priority mechanism is suited to the support of all four 
or the lower three AF classes [3] as well as ABR connections in the 
ATM context that also need separate queuing and information about 
buffer levels in order to possibly integrate the closed loop control into 
the MAC function as described in. (Drop policies can be independently 
applied at the modem queuing points). 

• The fourth priority is reserved for plain best-effort services such the 
UBR as well as traffic which employ loss based flow control at the TCP 
level and can be very disruptive to the other classes when sharing the 
same queue. 

The last three priorities employ reservation while the first unsolicited 
permits. The reservations operate by means of three request fields totaling 8 
bits. Two bits are used for the 2nd class and three bits for the other two 
creating a byte which is piggy-backed in every upstream slot. This byte uses 
the place of the HEC field of the ATM cell which is not needed for cell 
delineation since an additional synchronization preamble is employed 
because of the burst mode operation. The total length of the upstream slot 
has a size of 64 bytes accommodating except of the cell payload a 
synchronization preamble. The frame structure in the downstream direction 
is dictated by several mandates of the physical layer (synchronization, 
flexibility over many modulation constellations and rates adapting to plant 
conditions, interleaving, Reed-Solomon FEC etc). These issues are covered 
in the relevant standards, e.g. [4], and will not be discussed here since we 
focus on the traffic multiplexing issues. For the operation of the MAC all 
that is important is that a number of permits is provided in a periodic basis 
corresponding to the number of upstream slots over the same period. 

The reservations in the HFC MAC are usually assisted by contention on 
special reservation mini-slots [4] in addition to the piggy-backed requests. 
This is needed for the announcement of the first arrival of a burst since the 
piggy-back mechanism is not self-starting but relies on the existence of 
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previous traffic for the announcement of new arrivals [6]. However the 
MAC departs from this approach in two points: first it provides for all three 
simultaneous requests (one from each queue) as explained above, 
irrespective of which queue provided the cell, and second it employs round 
robin polling instead of contention. Simple polling is considered adequate 
since the system targets an advanced stage of deployment when the HFC 
take-up will be significant and the customer clusters will be smaller with 
much higher bandwidth needs. In PONs, polling is preferred because there is 
a high number of slots contained in the round trip making collision 
resolution impractical. 

The multiple requests are the tool for the higher QoS capabilities of the 
system. They are necessary if higher priority traffic is to be quickly made 
known to the head-end. This feature enables the algorithm at the head-end to 
offer precedence in the permit allocation to the high priority on a global 
basis and not just among the cells of the same termination, which is of a very 
limited value. 



3. IMPLEMENTATION OF THE MAC 
CONTROLLER 

The MAC controller was implemented on the Access Network 
Adaptation board. Since the MAC considered a sub-layer of the physical 
layer and is closely related to the physical layer functions (TDMA, framing, 
etc.) the permit generation function was selected to be integrated with the 
downstream framer component, which was responsible for the construction 
of the downstream frame including the transmission permits. The whole 
design was programmed and placed on a Field Programmable Gate Array 
(FPGA) chip. This decision made possible the re-design of the 
implementation to adjust to modified frame structures, rates etc. An 
embedded processor (On Board Controller) was used to calculate and 
modify all non-real time parameters such as the programmed (pre-allocated 
or provisioned) bandwidth distribution, which may vary with time due to the 
switch on or off of the modems. An external static RAM chip was used for 
buffering necessary protocol information in addition to the available on-chip 
memory provided by the FPGA, which was exploited to keep state 
information and speed-up the permit generation process. The MAC 
algorithm works as follows: 

A list of 512 permits is employed, which has been prepared by the OBC 
on the basis of subscription data for the scheduling of all pre-arbitrated 
permits. The OBC executes the Call Admission Control (CAC) scheme and 
writes periodically permits for the 1“ and 2"“* priority connections at the peak 
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and the minimum guarantied rate accordingly. Permits are also inserted for 
polling requests by modems that have not established a 1®‘ or 2"‘‘ priority 
connection. A 3-bit field is foreseen in the permit format in order to indicate 
the queue (and the corresponding QoS class) targeted, facilitating internal 
calculations. This list is cyclically read out by the MAC controller HAV, and 
the permits sent downstream. It worths noting that the format of the permits 
sent downstream differs from that written in the list in the sense that they 
include no coloring but only the modem ID and the modem is responsible for 
selecting the appropriate queue for transmission in an increasing order of 
priority. Techniques to space the permits in the list are given in [7]. This list 
is stored on the external SRAM chip. At the end of each cycle, the embedded 
controller updates also a list of credits for the 2"** and 3’^'* priority 
connections. These credits are used for policing 2"“* priority connections at 
the contracted peak rate and guaranteeing the minimum calculated 
bandwidth of 3”* priority connections as described above. Since ATM 
signaling is also supported, the permit and credit lists can be updated 
dynamically to add new connections using a second copy. 

The three lower priorities are serviced dynamically on the basis of 
requests by filling in locations whenever they are left empty in the permit list 
(representing unallocated bandwidth). The requests per queue/priority 
arriving at the MAC controller in the head-end, are used to update the 2 
outstanding request totals for each modem and queue, by incrementing the 
relevant counters by the amount of new cell arrivals. At the same time the 
downstream permit positions in the frame are filled with permits produced 
by an engine scanning in a round robin fashion the outstanding request 
counters and reducing them by one for each permit scheduled. The higher 
priority counters are inspected first and only if all are empty the same 
process is repeated for the immediately lower priority. To expedite the 
process, flags are used to quickly detect and skip all empty locations. The 
MAC H/W subtracts the credits as it issues permits and stops serving any 
modem queue that exceeded its allocated apportionment. This policing 
action guarantees that malicious users can not disturb complying traffic. The 
credit check is used differently in the 3rd priority. When credits are 
exhausted, left-over requests are added to the 4*'’ priority ones thus a 
minimum rate is guaranteed but any excess is considered plain best-effort, in 
accordance with AF rules. The operation of the permit scheduler and the 
execution of the MAC algorithm is depicted in Figure 2. 
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Figure 2. Operation of the permit scheduler. 



4. PERFORMANCE ASSESSMENT 

For the evaluation of the above MAC mechanisms a computer simulation 
model was created using the PTOLEMY platform for modeling the MAC 
function under certain loading conditions. The scenarios used 10 cable 
modems loaded with uniform traffic per priority for each modem. Each 
source used a common ON-OFF model, generating traffic at the slot/cell 
level, with on and off periods exponentially distributed. The upstream 
channel rate was set as peak rate. There was no limit set to credits, since the 
policing function would only be meaningful to demonstrate with malicious 
sources that was out of the scope of these tests, since the results are 
determinist. The duration of the runs was 1.5 million slots and the upstream 
slot duration was used as a time unit for the simulations (170.6 ps). 

Figure 3 depicts the probability distribution function (pdf) of the access 
delay for the three lower priorities (2"**, 3"^^, and 4“’) under a total load of 
85%. The r‘ priority list was using 10% of the load for CBR traffic (or 
virtual leased lines by EF in the DiffServ model of usage), with the other 
75% equally distributed among the other 3 priorities. Only the variable part 
of the delay is shown, as the fixed round trip time (about 4 slots) required for 
the modem request (upstream) and the permit response (downstream) is not 
counted. 
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Figure 3. Pdf of access delay (total load 110%). 

The r* priority is not presented since it exhibits deterministic behaviour, 
as the transmission permits are periodically pre-programmed in the list [7], 
and thus, the delay never exceeds the fixed permit distance. The delay 
advantage provided by the prioritization leads to almost all the slots of the 
2"'* priority accessing in less than 250 slots (i.e. 43ms) while those of the 3”* 
in less than 350 slots (60ms). Of course there is no bound for the 4* priority 
which can exceed any limit depending on the total loading. 




1 51 101 151 £01 251 301 351 401 451 501 551 501 651 701 
delay In ^lot> 



Figure 4. Pdf of access delay (total load 85%). 

The pdf of delay under a higher offered load of 1 10% is shown in Figure 
4. The list contained 10% unsolicited CBR traffic (r‘ priority), as the 2"** and 
3”* priority sources offered a load equal to 30% of capacity, and 40% the 4*. 
The first two priorities do not exhibit any significant behaviour difference 
with the previous scenario, since they encounter a lightly loaded medium as 
before. The effect of prioritization is exactly to hide the presence of any 
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lower priority traffic, which is prevented from competing against the 
protected sensitive traffic. The effect on the 4* priority is very strong since it 
is throttled down to the 30% of capacity left over from the other three. The 
occurred delay distribution is thinly spread till theoretically infinite delay. 
This can not be shown in the simulation results since buffers overflow no 
matter how much memory is allocated. The average delay is not bounded for 
the 4* priority, as shown in Figure 5. 




Figure 5. Mean delay vs. total load. 

Again 10% of the upstream bandwidth was pre-allocated by means of 
programmed permits in the permit list as necessary for the polling of new 
bursts and the rest equally distributed among the priorities and modems for 
several values of the total offered load as depicted in Figure 5. The delay for 
the 2"^ and 3"* priorities increases very smoothly with the load leaving the 4‘^ 
priority to suffer the congestion. The 4* priority delay increases 
asymptotically towards the 100% line, as is typical of any queuing system. 

At the same figure we can observe the behavior of the system when only 
two priorities are valid: 1*‘ and “all”. The first priority ramains as it was, 
while the three others are merged to one, the “all”. The load balance remains 
10% for the while the “all” priority occupies the missing part of the total 
load represented at the horizontal axis. It is obvious that the “all” priority 
behaves better than the 4* priority and worst than the 2"** and 3*^“*. It behaves 
better than the 4* priority because there are no more priorities that could 
block the transmission in favor of a higher priorities. At the other hand, it 
behaves worst than the 2"^ and 3“"^ priorities because it has 3 times their stand 
alone traffic profile: when 2”“* and 3"* priority occupy 20% of the total load 
each, the “all” priority occupies 60%. The delay is increased grammically 
with the total load until the 90% point, from where the systems starts to 
saturate. The “all” line seems to increase asymptotically to the 100% limit. 
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However, the sources used do not model higher layers where the typical 
congestion avoidance of TCP would exercise flow control in response to 
losses and reduce the rate, while re-transmitting lost packets. So the system 
thanks to prioritization can guarantee the performance enjoyed by sensitive 
traffic while exploiting any unreserved bandwidth for the support of best- 
effort traffic. 



5. CONCLUSION 

Tree-shaped shared medium access networks such as PONs and HFC 
effect a distributed multiplexing function which concentrates traffic from 
many users and many services with diverse requirements. To be able to 
guarantee that the QoS of sensitive traffic will not be disturbed by best-effort 
data traffic requires embedding differentiated support for flow aggregates 
with common requirements. The architecture considered in this paper is 
quite advantageous in this context and a MAC protocol taking advantage of 
this approach was implemented and evaluated with satisfactory results. 
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Abstract This paper describes the network architecture of an optical WDM net- 
work named SONATA, which has been proposed and will be demon- 
strated in the context of the European Union ACTS Program. In this 
nation-wide all-optical network, end-terminals access a single passive 
routing node via PONs using a TDM A/WDM A access scheme based on 
slot reservations. The centralized network controller runs resource allo- 
cation algorithms in order to avoid conflicts among end- terminals. Since 
the complexity of optimal solutions to the resource allocation problem 
at the network controller is very large, we propose in this paper simple 
heuristic algorithms to solve the network control problem, and study 
their performance through simulation. Results of the design of the sig- 
naling protocol for SONATA are also reported. 



1. INTRODUCTION 

The project SONATA aims at avoiding the need for large and fast 
switching electronic nodes in a high-speed nation-wide network. To reach 
this goal, the network structure and the layer architecture within the 
network have been drastically simplified. The new proposal consists of a 
single- layer network platform for end-to-end optical connections, able to 
serve a very large number of terminals for both business and residential 
customers over a nation-wide geographical area. 

Previous proposals of WDM optical networks can be roughly classified 
into two broad categories: single-hop systems, providing a fixed connec- 
tivity (broadcasting is often considered, as in the case of networks built 
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around a passive star coupler,) among terminals, which run access pro- 
tocols to share transmission resources (see, e.g., [1]), and wavelength 
routing systems, usually based onto general mesh topologies, in which 
optical cross-connects can be programmed to setup optical data pipes 
between terminal pairs (see, e.g., [2] and [3]). SONATA attempts to 
combine the best featmes of these two approaches: on the one hand, it 
keeps the architectural simplicity of single-hop systems, and terminals 
actively contribute to share the transmission resources. On the other 
hand, the possibility of dynamically modifying the end-to-end connec- 
tivity provided by the network is introduced to efficiently use network 
resources. Note also that the latter feature is one of the major strenghts 
of optical networks with respect to electronic networks. 

In the SONATA network, a large number of end-terminals, which, de- 
pending on the network usage, can be street cabinets, IP routers, LAN 
switches, or workstations, are grouped in a Passive Optical Network 
(PON) infrastructure. The network topology is based on a centralized 
Passive Wavelength-Routing Node (PWRN) with N input and N out- 
put ports, which provides full connectivity among PONs via a single 
dedicated wavelength channel for each pair of PONs. Wavelength con- 
verters arrays are used at the PWRN in order to dynamically increase 
the channel capacity among pairs of PONs, as described below. 

This multiple-access network is based on WDMA/TDMA protocols 
and exploits time and wavelength agility at terminals in a very sim- 
ple network structure, where the single PWRN node provides passive 
routing functions and actively controlled wavelength conversion. The 
network control is centralized, and its primary goal is to assign time and 
wavelength resources to terminals: a signaling protocol that allows ter- 
minals to require both connection-oriented and connectionless services 
has been designed. The resource assignment performed at the Network 
Controller (NC) avoids any conflict among transmitters and receivers 
when transmitting data. 

In SONATA, the physical switching function is removed from network 
nodes and distributed at terminals. Although a centralized network con- 
trol is required, and active wavelength conversion is performed inside the 
network, we refer to the SONATA network structure as a “switch-less” 
network, in the sense that neither purely electronic switching nodes or 
cross-connects (telephony, IP, ATM, SDH), nor optical cross-connects 
(except for the wavelength routing node) are required within the net- 
work. Moreover, the network is completely buffer-less. This approach 
provides major network architecture simplifications and hardware reduc- 
tions. 
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We do not tackle issues related to the SONATA network feasibility 
in this paper: we do not discuss neither the components that should be 
used nor the physical limitations that should be taken into account when 
dimensioning the network. All these issues have been deeply analyzed 
in the SONATA project, and are discussed in [4, 5, 6]. 

The paper focus is on algorithms that must be executed at the NC to 
solve the resource allocation problem. We first provide a more detailed 
description of the switch-less network architecture. Then, we discuss the 
time/ wavelength resource allocation problem at the Network Controller. 
It can be shown that an Integer Linear Programming (ILP) formulation 
of the problem is possible, and that its optimal solution is in general 
NP-hard. We therefore propose a simple heuristic to solve the problem 
of resource allocation: we decouple the time dimension from the wave- 
length dimension, thus splitting the problem into two sub-problems: the 
scheduling of terminal requests in the time domain given a PON-to-PON 
channel assignment, and the design of the logical topology, i.e., the as- 
signment of wavelengths to PONs via a proper setting of wavelength 
converters. The performance of the proposed algorithms is studied via 
simulation. 

2. NETWORK ARCHITECTURE 

A more detailed description of the network architecture is provided in 
this section. Recall that the SONATA switch-less network has the tar- 
get of performing the concentration/distribution, switching and routing 
functions within a single network layer by providing end-to-end optical 
connections between a large number of terminals over a wide geograph- 
ical area. 

The structure of the switch-less network is depicted in Fig. 1. Termi- 
nals equipped with fast tunable transmitters and receivers are attached 
to Passive Optical Network (PON) infrastructures. Each PON is di- 
rectly connected to an input and an output port of the single Passive 
Wavelength-Routing Node (PWRN). The PWRN has N input and N 
output ports, i.e., it is an AT x AT wavelength multiplexer. Logically, the 
behavior of the PWRN is such that wavelength at input i is routed 
to output j = \i + k\j^. Hence wavelength channels 0,1,2,...,N — 1 
on input port i lead to output ports -|- l,i 4- 2, . . . — 1, and, on 

output fiber j, wavelength channels 0, 1, 2 , . . . , AT — 1, carry information 
originated at input /, j — 1, j — 2, . . . , / -I- 1. 

Each wavelength is shared between all terminals belonging to the same 
PON. A TDMA control protocol is therefore required. A global synchro- 
nization is available, and transmission is organized in WDMA/TDMA 
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Figure 1 SONATA network architecture 



frames. Each frame is composed of F fixed-length slots. Any terminal 
wishing to communicate with another terminal simply tunes, in the al- 
located time slots, its transmitter and receiver to a known wavelength 
carrying multiplexed traffic through the PWRN between the pair of 
PONs to which the transmitting and receiving terminals are attached. 
Only one tunable transmitter /receiver pair per terminal (plus a fixed 
transmitter /receiver for signaling) therefore permits data communica- 
tion between a given terminal and all other terminals in the network, 
regardless of the network size. Note that multicast transmissions to 
several terminals belonging to the same PON can be supported. 

Although all connections can be made directly through the PWRN, 
as the traffic volumes grow towards the capacity limit of the network, a 
high degree of flexibility in allocating capacity can be obtained with ac- 
tively controlled wavelength converter arrays. As shown in Fig. 1, these 
devices can be added, as required, around the PWRN, and connected 
to a certain number {N^) of its auxiliary ports (called “dummy ports”). 
On each PON, a wavelength channel is available to reach a particular 
dummy port, hence a wavelength converter array. Prom each array, one 
wavelength channel is provided to reach every output PON. Hence in- 
formation from PON i to PON j can be routed on the direct channel 
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li ~ *ljv> and on up to Nd additional channels going through wavelength 
conversion. In this way a variable number of wavelengths, depending 
on traffic requirements, can be dynamically allocated between a pair of 
PONs. Thus, the network structure depicted in Fig. 1 provides a full 
mesh topology between PONs through direct connections, and a large 
number of additional connections through wavelength converter arrays. 

Additional Nc ports of the PWRN interconnect network terminals 
with the centralized Network Control (NC) device, which is responsible 
for allocating time slots and wavelength channels to terminal requests. 

The optimal fisical solutions for a “switch-less” network depend on 
the size of the network itself. Triangles in Fig. 1 represent optical wide- 
band amplifiers. Amplifier gating blocks are used to eliminate (using 
SOA gates) noise from wavelength channels where no transmission oc- 
curs (see [4]). Global synchronization is obtained with a distribution 
of reference lines, and with the implementation of ranging functions to 
compensate for variable propagation delays between terminals and the 
PWRN. 

As discussed in [4], a feasible set of characteristics for a large scale 
switch-less network, which can provide a communication infrastructure 
to terminals at the customer premises distributed nationwide, could be 
the following (assuming = 1): 

■ Nt = 20 million terminals 

■ 1,000 km maximum distance between terminals 

■ 400 PONs with 50,000 terminals each 

■ up to Nd = 400 wavelength converter arrays with 400 wavelength 
converter modules each 

■ 801 X 801 wavelength router with W=801 wavelength channels on 
each fiber 

■ 10 Mbit/s total average rate per terminal 

■ 622 Mbit/s maximum rate per terminal 

■ 200 Tbit/s maximum network throughput 

■ F = 1 , 000 slots per frame 

■ 10//S of slot time, with lfj,s devoted to guard time 

The drastic simplification of the network structure eliminates critical 
complex network components (note that the infrastructure is mainly 
passive), thereby increasing network reliability. No failure protection is 
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Figure 2 Three stage equivalent of the programmable portion of the SONATA net- 
work 



however provided in the architecture of Fig. 1, and critical components 
(for example the Network Controller) may have to be duplicated for 
reliability in real implementations. 

Logical Topology. The first Np ports of the PWRN provide a 
“wired” (fixed) full-mesh connectivity between PONs, while the addi- 
tional Nd dummy ports add a “programmable” connectivity between 
PONs. Fig. 2 shows the equivalent logical topology provided in the pro- 
grammable portion of the PWRN in the case Nd = Np = 4. Terminals 
in PON i can reach any of the Nd wavelength converter arrays by tuning 
to the proper wavelength channel. This tuning capability corresponds to 
the first A-switching stage in the logical topology. The individual wave- 
length converters can be configured in order to route input information 
to any output PON, leading to the second A-switching stage in Fig. 2. 
The receivers in each PON can tune to any of the Nd wavelengths routed 
to the PON by the wavelength converter arrays, leading to the third A- 
switching stage. The resulting logical topology is a three-stage A — A — A 
switch, i.e., a Clos interconnection network. It is well known from the 
Slepian-Duguid theorem [7] that this three-stage interconnection struc- 
tme is rearrangeable non-blocking when Nd > Np, as it is normally the 
case for SONATA. Note that the interconnection between PONs is non- 
blocking, while the interconnection between terminals is blocking, due 
to the multiplexing of many terminals in each PON (at most 800 out of 
50,000 terminals can receive/transmit in each slot) of a full-size network. 

If we keep considering only the programmable portion of the network, 
the possibility of allocating transmission requests in different slots within 
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the time frame can be viewed as a further switching stage in the time 
domain. Overall, the programmable portion of the switch-less network 
can be logically described as a five-stage T — A — A — A — T switch, which 
can be re-configured in every time slot. 

Since time is divided into time slots, and each time slot can be used 
in a particular wavelength channel by only one of the terminals con- 
nected to the same PWRN port, a significant complexity is required in 
the NC operations. Considering a SONATA network deployed to its full 
capacity, the NC has to keep track of the state of {Nc + Nd)^ x F = 
640, 000, 000 time slots in every frame. Further constraints on the con- 
troller axe due to the fact that the single transmitter/receiver pair ha.s 
to be shared by all the connections which the terminal keeps active at 
the same time; more precisely, to permit a transmission from terminal s 
to terminal d in slot k, we must ensure that s is not already transmitting 
in k, and also that d is not already engaged in a reception in k. This 
requires in principle 2 x iV* x 1000 = 40, 000, 000, 000 state variables for 
each user. 

3. RESOURCE ALLOCATION ALGORITHMS 
IN SONATA 

The main task of the Network Controller is to allocate resources (time 
slots) to end-terminals, choosing a proper wavelength among the avail- 
able ones. 

Although globally optimal algorithms to allocate resources are pos- 
sible, we propose in this paper a much simpler approach to resource 
allocation at the Network Controller, as the complexity of optimal con- 
trol algorithms is so large that their implementation is impossible, given 
the very large network size. Moreover, the amount of signaling data that 
has to be sent to each terminal if optimal algorithms are used is very 
large, as mentioned in [5]. 

Our simple approach is based on the decoupling of the time dimension 
from the wavelength dimension. This means that we split the resource al- 
location problem into two sub-problems: scheduling of terminal requests 
in the time domain given a PON-to-PON channel assignment, and log- 
ical topology design of the network connectivity by properly assigning 
wavelengths to PONs via the wavelength converter arrays. 

While scheduling is a task which must be done slot-by-slot, the logical 
topology design is assumed to be performed at a lower rate. Aiming 
at a sub-optimal approach with a limited complexity, we assume that 
the wavelength converters are reconfigured only once in a while (e.g.. 
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at frame boundaries) and that the scheduling algorithm operates on a 
given fixed logical topology. 

We analyze in the sequel the two-steps of the resource allocation al- 
gorithm: 

■ Scheduling: first-fit allocation of slots given a fixed network con- 
nectivity; 

■ Logical Topology Design: reconfiguration of the network connec- 
tivity via wavelength converter arrays. 

Scheduling. The scheduling algorithm is executed at the Net- 
work Controller on the basis of terminal requests received via signaling 
messages. Terminals can request slots according to two different modes: 

■ “persistent” request: an integer number of slots in each frame is 
assigned at connection setup; this number can be changed (either 
increased or decreased) during the connection duration 

■ “non-persistent” request: a (possibly large) amount of slots is as- 
signed to a datagram communication, without time constraints in 
terms of number of involved frames 

Obviously, the two modes refer mainly to CBR (or slowly varying VBR) 
connection-oriented services, and to datagram services, respectively. 

When terminal s belonging to PON S sends a request to the NC in 
order to communicate with terminal d belonging to PON D, the sequence 
of steps executed at the NC is the following. 

■ If terminal s requires the set up of a new connection, the NC 
looks for a candidate wavelength channel by scanning a linked list 
of wavelength channels assigned to the pair of PON 5 — > D. The 
first element of the linked list is always the “wired” channel among 
PONs S D, and the remainder of the list is ordered in increasing 
order of channel utilization. The new allocation is attempted on 
the first channel of the list that satisfies the condition that the 
number of free slots exceeds by a given percentage b the number 
of requested slots. 

■ If s is requesting new slots for an already set up connection, the 
NC selects the wavelength channel used for this connection. 

■ On the selected wavelength channel, the NC counts the available 
slots, excluding among free slots those in which either the source 
terminal or the destination terminal are busy (possibly for trans- 
mitting/receiving data associated to different connections). 
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■ If the amount of free slots resulting from the previous operation is 
less than the terminal request, the NC looks for another wavelength 
channel (only for a new connection request). 

■ If none of the wavelength channels already used for the commu- 
nication from PON S to PON D is usable, the request is not 
accepted. 

■ If the number of free slots matches the terminal request, the NC 
selects the first available slots in the selected channel (first-fit al- 
location). 

■ In the case of datagram request, if the number of available free 
slots is less than the number of data slots required by the end- 
terminal, the NC could also decide to operate a partial resources 
allocation: a threshold can be defined for this goal. 

Fig. 3 provides a block diagram of the proposed scheduling algorithm. 

For connection oriented (or persistent) requests, resources axe allo- 
cated until one of the two involved terminals signals that it wants either 
to release some slots for this connection or to close it. For datagram (or 
non-persistent) requests, we assume that resources are allocated only in 
a single frame; in the next frame the NC will release all the resources 
previously allocated to datagram traffic. 

Logical topology design. The logical topology design aims at 
obtaining an efficient allocation of available channels among PONs. The 
idea is quite simple: in order to reduce the slot allocation failure rate, the 
NC can “re-assign” channels: a channel showing a number of free slots 
above a given threshold L can be freed, obviously re-routing connections 
previously assigned to that channel; free channels can be assigned to 
pairs of PONs experiencing a number of free slots below a given threshold 
H. We compute the load on each channel to decide when and whether 
or not to allocate/deallocate channels. 

In every frame, a pair of PONs (a source PON S and a destination 
PON D) is selected using a round-robin algorithm. We compute Lsd, 
the number of free slots on all the channels from PON S to PON D. 
If Lsd is larger than threshold L, we try to release a single channel, 
choosing the least loaded channel. If Lsd is below threshold H < L, 
we try to assign another channel to the pair of PONs, provided that at 
least a free channel is available. 

In the process of channel release, we try to release the least loaded 
channel. This implies a reallocation of all used slots in the selected chan- 
nel. Only if the process is successful, i.e., all the slots can be allocated 
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Figure 3 Block diagram for the scheduling algorithm 



on other channels, the selected channel can be freed. We perform a 
complete search on all other channels allocated to the pair of PONs in 
order to reallocate every single slot, starting from the “wired” channel 
and continuing on all the other channels in the ordered list. If the re- 
allocation process is successful, the channel can be freed and added to 
a list of available channels. Otherwise, if even a single slot is not suc- 
cessfully reassigned, the channel cannot be released. Note that, to be 
more precise, releasing a channel means releasing a wavelength on the 
transmitter side, and a wavelength on the receiver side. 

When trying to add a channel we consider only a single channel ad- 
dition between the PONs selected according to the round robin scheme. 
We first look for an available wavelength converter, i.e., a wavelength 
converter that is not used by both PON S and PON D; if found, we 
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choose the wavelength that should be used at the transmitter and at the 
receiver, and we logically add the channel to the pair of PONs. 

If an available converter is not directly found, we check whether an 
available wavelength at both the transmitter and the receiver exists. If 
this is true, we know by Slepian-Duguid theorem [7] that we can rear- 
range the logical topology so that at the end of the process we obtain an 
available wavelength converter. Pauli’s algorithm [7] can be used to ob- 
tain the new logical topology, i.e., the new wavelength assignment. The 
latter algorithm is based on an iterative process that, after an upper 
bounded number of wavelength reassignments, guarantees the availabil- 
ity of a wavelength converter among the two PONs. 





Figure 4 Block diagram for the logical topology design algorithm 
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Fig. 4 provides a block diagram of the proposed logical topology design 
algorithm. 

Note that each reassignment made while running the algorithm im- 
plies updating a significant amount of data structures, which are not 
reported here for the sake of conciseness. A more detailed description of 
the algorithms and of the data structures used at the Network Controller 
can be found in [6]. 

4. SIGNALING PROTOCOL IN SONATA 

End-terminals in SONATA must reserve slots at the centralized Net- 
work Controller. Reservation is achieved through the exchange of sig- 
naling messages between end-terminals and the NC: Nc (one or more) 
wavelength channels are available in each PON for signaling. Upstream 
signaling requires a medium access control strategy, due to the many 
contending terminals. 

A detailed design of a signaling protocol for SONATA was performed 
in [5]. Signaling messages belong to the following classes: 

■ slot allocation request (upstream) 

■ slot de-allocation (upstream) 

■ slot allocation confirmation (downstream) 

■ slot de-allocation confirmation (downstream) 

■ slot allocation rearrangement, either in time or in wavelength, or 
both (downstream) 

■ wavelength converter configuration (downstream) 

The format of these signaling messages is not reported here because of 
space limitations. 

The use of connection identifiers to label different connection-oriented 
information flows at each end-terminal was proposed to ease control 
procedures, and to permit multiple connections between the same pair 
of end-terminals. 

It has been shown that a fixed TDMA upstream access is a viable 
solution if slots can be partitioned in sub-slots on signaling channels. 
Indeed, by sub-slotting it is possible to obtain 50,000 minislots in each 
frame (using 50 sub-slots per slot). With Nc = 1, up to 20,000,000 
upstream signaling messages can reach the NC in one frame. 

For what regards downstream signaling, with the proposed signaling 
messages, up to at most few thousand allocation requests can be con- 
firmed in one slot. This means that, with Kc = 1, up to a few million 
slot allocation requests can be confirmed in one frame. 
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This evaluation of the bandwidth required for signaling is an impor- 
tant outcome of the design of the signaling protocol. Obviously, more 
bandwidth is required for downstream signaling than for upstream sig- 
naling. It is also easy to see that there is an almost mandatory need for 
a dedicated fixed receiver at each terminal for signaling (in addition to 
the tunable transceiver for data). 

The optimal control of SONATA, in which wavelength converters can 
be reconfigured slot by slot, can be shown to require a large amount of 
signaling bandwidth (in addition to a very large complexity at the NC): 
approximately 1.5% of the bandwidth available for data transfers would 
have to be made available to downstream signaling in this case. Note 
that the proposed approach to network control assumes to let existing 
allocations unaffected by new allocations (this is often called “trans- 
parency” property in the technical literature), thereby significantly re- 
ducing the amount of downstream signaling. 

The signaling bandwidth required for slot/topology rearrangements 
is instead negligible with respect to the bandwidth required for slot 
allocation/de-allocation (see [5, 6]). 

5. SIMULATION OF THE PROPOSED 

RESOURCE ALLOCATION ALGORITHMS 

In this section we study by simulation the resource allocation algo- 
rithms, in terms of their speed of convergence to the optimal logical 
topology, their stability, and their capacity. By optimal topology we 
mean the topology that maximizes the network throughput in a given 
traffic scenario. 

We first consider a small system, with 3 PONs, Nt = 150 end- 
terminals, i.e, 50 users per PON, frame length F = 100, = 3 dummy 

ports connected to a bank of 3 wavelength converter arrays and 6 wave- 
lengths per fiber. We modeled both network controller resource alloca- 
tion algorithm, i.e., logical topology design and scheduling, under uni- 
form traffic pattern. We discuss the speed of convergence of the algo- 
rithm to the optimal logical topology as a function of the system load. 
Note that in this case the optimal topology is obtained by allocating the 
same number (equal to 2) of channels to each PON pair. 

At time 0, all 9 additional channels provided by the programmable 
portion of the network are allocated between PONs connected to input 
and output ports with the same index, i.e., 4 channels are available 
between source PON I and destination PON I and 1 (wired) channel 
is available between PON I and all other PONs. Thus, the topological 
distance is 12, since each PON has 2 additional channels allocated to 
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reach its end-terminals, and one channel missing towards the other two 
paths. Note that this is a logical topology that maximizes the topological 
distance^ from the optimal topology under uniform traffic. 

We show in Fig. 5 the topological distance of the current topology 
from the optimal topology as a function of time (one unit refer to a time 
frame), for variable loads. For medium-high loads (A = 0.9), the system 
converges rapidly to the optimal topology; once the optimal topology is 
reached, due to traffic fluctuations, the algorithm sometimes modifies the 
logical topology, mainly releasing free channels; the topological distance 
from the optimum remains small. Results for smaller loads not reported 
for the sake of conciseness show a very similar behavior. 

For moderate overload (A = 1.4) the optimal topology is reached quite 
quickly; once all the channels are correctly allocated to pair of PONs, the 
system does not modify the topology since no channels become available 
at any time. 

For sustained overload (A = 2.4) the optimal topology is never reached; 
similarly to the previous scenario, once all the channels are allocated to 
pair of PONs, the system is not able to modify this topology since no 
channel becomes available at any time. However, the system does not 
converge in general to the optimal topology but to a topology that de- 
pends on the initial stochastic behavior of call requests. 

To analyze the capacity provided by the proposed algorithms, we mod- 
eled again a 3 PON network, but with 10 users per PON and 10 slots 
per frame, subject to telephone traffic. Each call requires exactly one 
slot. A Poisson process models call arrivals, and call holding times are 
exponentially distributed with average 18.000 frames. Part of the traffic 
is uniformly distributed among PONs; the remaining traffic is randomly 
sent to terminals belonging to the PON to which the originating ter- 
minal belongs. The percentage of local traffic is taken as a parameter. 
The offered load is normalized with respect to the total number of slots 
available per frame, and the plotted throughput is the fraction of calls 
that are successfully routed through the SONATA network. 

Figure 6 plots the network throughput under different locality factors; 
as a comparison, we added also a curve relative to the optimal scheduler 
that is able to route all calls up to the maximum number of available 



^We define as topological distance between two topologies the following quantity: 

- ^sd\ 

S D 



where indexes S and D span over PONs, and represent the number of channels 
allocated from PON S to PON D in the first and in the second logical topology respectively. 
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Figure 5 Convergence of the current logical topology to the reference topology 




Figure 6 Throughput versus the offered load, with different traffic pattern. 



slots, possibly completely reconfiguring the network at each frame, re- 
gardless of transmitter and receiver contentions. The performance of the 
proposed algorithms is not too far from the optimal behavior. When the 
amount of traffic locality is larger, a lower utilization of direct channels 
(which cannot be re-allocated according to traffic needs), hence a lower 
throughput, is experienced, as expected. 

These results show that the network control algorithms proposed by 
the SONATA project lead to acceptable exploitation of the very large 
available bandwidth with a reasonable complexity. 
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6. CONCLUSIONS 

The paper described the network architecture and provided a perfor- 
mance analysis of a passive optical network named SONATA, which has 
been proposed and demonstrated in the context of the European Union 
ACTS Program. SONATA aims at avoiding the need for large and fast 
switching electronic nodes in a high-speed nation-wide network. To reach 
this goal, the network structure and the layer architecture within the net- 
work have been drastically simplified: the transport infrastructure con- 
sists of a single-layer of end-to-end optical connections. End-terminals 
fully exploit time and wavelength agility to exchange packetized infor- 
mation in the multiple-access network. 

The control of the network is centralized at a network control device, 
whose primary goal is to assign time/wavelength resources to termi- 
nals in a way such that conflicts among transmitters and receivers are 
avoided. The paper focussed on the algorithms that must be executed 
at the Network Controller to solve the resource allocation problem. 

Since the resource allocation problem at the Network Controller is in 
general NP-hard, we proposed in this paper simple heuristic algorithms 
that divide the solution into scheduling and logical topology design sub- 
problems, aiming at a sub-optimal approach with a limited complexity. 

An initial performance evaluation of the considered algorithms, based 
on simulation, was presented for a small scale system. 
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Abstract: The paper summarizes basic system design issues for an optical fiber feeder in 

either mobile radio or fixed radio access systems. The features of the 
introduction of the optical feeder are discussed, and the performance evaluated 
in some relevant cases, are reported. 



1. INTRODUCTION 

The low loss and large band features of the optical fibers have led to the 
realization and the installation of a variety of advanced communications 
systems throughout the world. At the same time, mobile communication 
systems, which allow people to communicate at anytime, anyplace and with 
anybody, are more and more diffused. Furthermore, the radio resource is 
going to be even more exploited to distribute broadband services to both 
business and residential customers, by using millimeter wave band. Fixed 
radio access systems are representing a valid alternative to realize access 
systems without the need of costly cable infrastructures. 

The combination of fiber optic and radio technologies allows the 
realization of hybrid fiber radio (HFR) systems (even known as FTTA: 
fiber-to-the-antenna), which have an important advantage: easy and flexible 
connection of cells/microcells and, particularly, greatly simplified radio base 
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stations. In addition, these systems can be upgraded very quickly, because 
there is no need to replace existing base station equipment. 

Research in this field started several years ago (see as an example the 
whole special issue [1]), focused on microcellular systems. In fact, it is well 
known that microcellular systems, composed of small size cells with several 
hundred meter diameter communication range, promise effective frequency 
spectrum utilization. However, these systems require a large number of base 
stations. Therefore, especially for these systems, miniaturization of base 
stations is an important issue in realizing microcellular systems. 

The HFR approach allows the miniaturization and a significant 
simplification of the base station architecture. Section 2 examines the HFR 
approach in a mobile case, while section 3 considers the FTTA case for 
wireless broadband systems. Finally, section 4 reports a discussion about the 
performance of these systems, and some general conclusions. 



2. HFR SYSTEM FOR MOBILE 
COMMUNICATIONS 

The hybrid approach was originally introduced for being applied in 
microcellular communication system [2]-[4]. 

In such systems, service areas are divided into many zones named 
"microceir having radius of some hundred meters. In fact, since the base 
station’s antennas are located about 10-15 m above the ground, they can 
only cover small area. This system approach allows frequency reuse, and can 
acconunodate a large numbers of subscribers. On the other hand, this system 
has the disadvantages that a large number of base stations (BS) are required 
because of the large number of microcells required to cover a service area. 
Furthermore, personal stations frequently move across microcells, so 
channel assignment and hand-off procedure is much complicated. 

To solve this problem, it was proposed to connect microcell BS with a 
microcell control station (CS) using an optical fiber link, in which the signal 
obtained by frequency division multiplexing of the telephone channels 
directly modulates a laser source (SCM: sub-carrier multiplexing) [2]-[4]. In 
this kind of system, the BS only converts the radio frequency signal to an 
optical signal; the required equipment for BS is remarkably simplified 
compared with the conventional system. The BS simplicity is an important 
feature of the system, because many BS would be typically required and, 
therefore, they should be economical and trouble-free in remote locations. 
Furthermore, channel assignment and hand-off procedure are centralized. 
The layout of the microcellular system is identical to the existing cellular 
radio one except fibers and base stations have been inserted between the 
mobile units and the central stations. 
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Intensity modulated optical signal is transmitted over optical fiber to 
microcell CS, where optical signal is directly detected using a p-i-n 
photodiode, and a bandpass filter is used to provide RF channel signal. After 
filtering, each RF signal is demodulated and connected to the public 
switched telephone network. The system configuration is schematically 
reported in figure 1. 




Figure 1. Basic configuration of FTTA system 



For mobile radio applications, the optical feeder is required to have low 
noise and low-distortion characteristics. This requirement is particularly 
stringent for the up link feeder, since the radio signal received at the BS 
fluctuates greatly due to fading, shadowing and changes in distance between 
the micro BS and the mobile stations. 

Although laser diode characteristics in analog modulation have been 
improved with respect to the past (e.g. in 90s), the feeder dynamic range is 
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still limited by laser diode noise and non-linearity. So, using SCM technique, 
optical source non-linearity must be taken into account. In fact the non-linear 
characteristic of the laser diode causes several inter-channel interference, 
especially when many sub-carriers are transmitted from a single source, that 
is, for high total modulation indices. Furthermore, even if the laser 
characteristic was linear above its threshold current, signal distortion occurs 
also because the laser intensity is occasionally clipped by the large negative 
excursions of the modulating current. This phenomenon called clipping, 
gives rise to impulsive noise that deteriorates the system performance [5]. 
Optical source non-linearity is sketched in figure 2. 




Figure 2. System degradation due to third-order intermodulation terms and clipping noise 

The model that allows the evaluation of the transmission performance of 
the systems taking into account all these effects was reported in [6]. 
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3. FTTA SYSTEM FOR BROADBAND 
COMMUNICATIONS 

The employment of the optical feeder in broadband wireless systems is a 
very attractive option. 

Before the description of the FTTA scheme considered in this paper it is 
worth while briefly mentioning the enabling technologies. The fiber optic 
technologies for microwave and millimeter-wave transmission are reviewed 
in [7], as well as different link architecture for RF signal transmission (i.e. 
directly modulation of the laser, external modulation, etc.). Furthermore, that 
paper discussed MMIC techniques for optical receivers, and stated that 
HEMT and HBT devices are very attractive in the realization of compact and 
cost effective optical receivers. 

The enabling technologies were also discussed in a more recent paper [8]. 
In particular, the latter paper discussed three different approaches for linking 
the optical feeder with the radio link: 

1. Baseband transport between the CS and the BS. This is the state of the 
art; in this case commercial equipment’s can be used. However, when using 
this concept, the BS concentrates all the equipment’s that depends on the 
physical medium of the final drop (e.g. coding, error correction, modulation 
and upcon version to IF, upconversion to RF, filtering and amplification). 

2. Intermediate frequency (IF) transport. It makes possible to use BSs 
with fewer functions. This approach requires an optical IF transceiver, 
up/down conversion between the intermediate and radio frequencies, power 
amplification on the downlink, and a low noise front end on the uplink. All 
other functions, like line termination of the digital segment in the core 
network, mux/demux functions and router to map partial data streams to 
radio channels, access management for the shared radio medium, modems 
for signal adaptation to the radio channel, and up/down conversion to the IF, 
are performed in the CS. 

3. Optical mm- wave RF transport. This is an advanced and attractive 
solution. Here the BS consists of an optical RF transceiver followed by a 
stage providing power amplification on the downlink and low noise 
amplification on the uplink. Promising techniques for the practical 
realization of mm- transport are based on a self heterodyning concept [9], and 
on the external modulation of the laser source by means of electro-optical 
modulators working at mm-waves [10]. 

In this paper we basically refer to the second approach (IF transport), 
which is synthetically depicted in fig. 3 [1 1]. 
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Figure 3. The concept of a FTTA system. P.S.T.N.rPublic Switched Telecomunication 
Network; 0/E or E/0: optoelectronic or electro/optic converter; BPF: bandpass filter; MOD: 
modulator;DEM: demodulator; AGO: automatic gain control circuit 

In this system each zone radius can be of the order of hundred meters 
(between 300 m and 1 km in the considered cases). In the uplink, base 
station (BS) receives MW signal from air interface (comb of frequency 
division multiplexed signals) and converts it in an optical signal. Such a sub- 
carrier multiplexed (SCM) signal in then transmitted to the control station 
through optical fiber. Therewith, the control station (CS) converts back the 
SCM signal into the electrical domain, performs the demultiplexing 
operation, assigns each signal to a channel, and connects it to public 
switched networks. The downlink works in a similar way. It is also assumed 
that the double-side bandwidth per carrier is in the range 20 - 150 MHz, to 
transmit future broad band signals such as 150 or 600 Mbps, with the use of 
modulation schemes with good spectral efficiency, such as QPSK 
(Quadrature Phase Shift Keying) or 22n QAM (Quadrature Amplitude 
Modulation). 

The main features of the considered approach, with respect to traditional 
microcellular systems, can be summarized as follows: 

1. the BS is simplified, since it does not perform neither 
modulation/demodulation operations nor control functions (they are indeed 
achieved in the CS), but it simply executes amplification, frequency 
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up/down conversion (usually named RF/IF conversion), automatic gain 
control (AGC) functions and E/0 (0/E) conversion; 

2. since the BS is simplified the cost is lowered; 

3. the optical feeder gives high flexibility for changes in modulation 
schemes because it is transparent for all radio signals; 

4. the ETTA approach represents an economically viable solution 
because it could reuse the existing network terminations and the terminals 
for coax and hybrid fiber coax (HFC) systems. 

The efficiency of the operations made in the BS (amplification, E/0 
conversion etc.) is not critical to assess the feasibility of the present system. 
Therefore, in this paper, we assume that ideal devices do such operations. In 
fact, if such non-ideal efficiencies were considered, a further small 
degradation of the carrier-to-noise ratio would come out. Anyway, this 
degradation does not represent a real limiting factor for the systems 
performance as a whole. 

The transmission performance of the FTTA system is influenced by 
several factors. As far as the radio link is concerned, the outage probability, 
due to the rainfall attenuation, is most important one. While, concerning the 
optical link several issues impact the performance, such as the effect of the 
resonant frequency in the laser intensity modulation, the non-linear 
characteristics of the laser, in particular clipping, and the interplay of laser 
chirping with fiber dispersion. 

The model reported in [12], based on a physical model of the laser 
dynamics, allows the evaluation of the transmission performance, by taking 
into account, simultaneously, all the effects influencing the performance. 



4. PERFORMANCE OF FTTA SYSTEMS 

To understand the features and the limits of the FTTA approach in either 
mobile communication systems or in broadband wireless systems, the 
following two sections report some relevant results for both the cases. 

4.1 Performance of FTTA systems for mobile 
communications 

To evaluate the performance transmission of a FTTA system in term of 
CNR, it has been realized a simulator that generates N (where N is the 
number of RF carriers that modulate the laser) Rayleigh distributed random 
variables. The generated set of variables is utilized to calculate the CNR, 
relative to the statistic mean of the optical modulation indices. To obtain 
results relative to a range of OMI values of almost 40 dB it is necessary to 




272 



Roberto Sabella 



repeat the previous operations a high number of times. Furthermore, the 
simulator evaluates the CNR for non-faded case, that is, supposing that all 
the different carriers reaching the antenna have the same optical modulation 
index. To evaluate the performances of a system affected by multipath 
fading and optical non-linear distortions, (clipping and static 
intermodulation), some simulations have been done. The analysis refers, 
first, to a case in which 3 carriers reach the antenna and the transmission 
parameter reported in table 1 have been utilized. The average CNR of the 
central carrier is evaluated, because the carrier in the middle of the 
frequency band suffers from most severe non-linear distortion [13]. 

Figure 4 depicts the average CNR versus the average OMI. The results 
refer to a case in which clipping is not taken into account. This is not a 
practical case, but this kind of simulation allowed us the comparison 
between our simulation results and the ones existing in literature [13]. 




Average O.M.I. [dB] 

Figure 4. Average CNR versus average OMI taking third-order intermodulation distorsion 
into account. Comparison between Rayleigh faded and nonfaded case. Three carriers per 

microcell are considered 

In particular in this figure the average CNR both for Rayleigh faded and 
non faded case is reported. It can be noticed that when the signals suffer 
from fading, average CNR slightly improves. The reason of this is explained 
as follows: the third order intermodulation distortion is the product of three 
different RF signals, and the effects of this are significant only if the signal 
levels of the three different carriers are simultaneously large, but such a case 
is rather unusual. 
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In figure 5 the comparison between faded cases with and without clipping 
effects is reported. For low optical modulation indices, the same results are 
obtained: this means that clipping noise is not dominant and fading 
multipath increases the average CNR. On the contrary, for high OMI, when 
clipping noise power becomes dominant, the average CNR of the signal 
affected by clipping decreases. It is worth noting that clipping occurs when 
the modulating current exceeds the threshold current: this effect is dominant 
if just one of the RF carriers has a signal level that can be clipped by the 
laser. 




- 40.0 - 30.0 - 20.0 - 10.0 0.0 

Average O.M.I. [dB] 

Figure 5. Average CNR versus average OMI. Comparison between Rayleigh faded case with 
and without clipping. Three carriers per microcell are considered 



The simulations are repeated intensifying the number of carriers per 
microcell. In particular, different cases are considered: 3,5,7,10,13,17 and 20 
carriers per microcell. Figure 6 shows the results obtained taking clipping 
into account and considering the Rayleigh fading. It is worth noting that the 
maximum OMI that can be employed to obtain a CNR greater than 20 dB 
diminishes if the number of carriers increase: this is due to laser clipping 
effect. Furthermore, as is better shown in figure 7, the maximum value of 
CNR drops with the growth of the number of carriers. In fact, when the 
number of carriers that modulate the laser arises, the noise power due to 
static intermodulation, that is the IM3 power, arises too, and, consequently 
the carrier to total noise decreases. 
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It has already been underlined that, when RF carriers reach the E/0 
converter, they have experienced different degrees of propagation loss, 
multipath fading loss and shadowing loss. This implies that a wide range of 
power level variation may exist in the received carriers. Now the range of 
this power level variation is considered, since it has important implication in 
the dynamic range requirement of an optical fiber link and in particular of 
the E/0 device. 

Furthermore, a radio/optical link power budget is reported, realized 
employing the link parameters reported in table 1. In particular, the 
maximum and minimum LD input carrier intensity (PO) that can modulate a 
laser and that allows to obtain a fixed CNR is evaluated. These current 
values are directly related to the optical modulation index by the expression 



m = 



^ ' ^in Vld 

^LD 



( 1 ) 



To study the feasibility of the link, these values are compared with the 
maximum and minimum RF power that reach the BS antenna. The received 
power (Pr) can be evaluated using the following expression: 



P=SP 



f_A_l ^ 



( 2 ) 



where Pt is the power transmitted by the mobile station, X is the 
wavelength of the frequency of interest, R is the distance between a handset 
and a base station and S takes into account the shadowing effects (S=l in 
line-of-sight (L.O.S) propagation). It is assumed that the maximum RF 
power occurs when a mobile station is placed in L.O.S with the BS station, 
and it is next to it (this means that the distance between the transmitting and 
the receiving antennas is about 10-15 m). While the minimum power occurs 
when a mobile station is placed and the edge of the cell (that is R is equal to 
the cell radius). In this case the received power is affected by path loss and 
shadowing. In the calculation, the parameters reported in [14] have been 
used, where the maximum signal attenuation due to shadowing is set to 30 
dB. 



The comparison between the maximum and minimum RF received power 
and the maximum and minimum LD input carrier intensity is necessary to 
estimate if there is an optimum value of the low noise amplifier (LNA) gain 
that allows the realization of the link. In particular the radio/optic link is 
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feasible, only if the difference between the maximum power values is greater 
than the difference between the minimum ones. This condition assures that, 
an optimum LNA gain value, that permits to obtain a CNR greater than the 
requested one, exists. 

Table 1 reports the results obtained in different case, according to the 
minimum requested CNR (15 or 20 dB in the considered cases); and the 
microcell radius (200 or 300 m). To reduce the dynamic range of the 
received signals, and to guarantee the link accomplishment, different 
techniques have been proposed: antenna pattern discrimination, automatic 
power control at the mobile station or macrodiversity. The latter technique, 
however, that employ the cell splitting concept, don’t assure the base station 
equipment simplification. In fact every BS must be equipped with three 120° 
directional antennas and with the adequate electronic devices [15], [4]. 





Microcell Radius = 200m 


Microcell Radius = 300m 




CNR = 15 dB 


CNR = 20 dB 


CNR=15dB 


CNR = 20 dB 


3carriers 


Possible with 


Possible with 


Possible with 


Possible with 




G = 21.11 dB 


G = 25.51 dB 


G = 24.63 dB 


G = 29.03 dB 


5 carriers 


Possible with 
G = 20.31 dB 


Possible with 
G = 25.11 dB 


Possible with 
G = 23.83 dB 


Not possible 


7 carriers 


Possible with 
G = 19.91 dB 


Possible with 
G = 25.01 dB 


Possible with 
G = 23.43 dB 


Not possible 


10 

carriers 


Possible with 
G = 19.71 dB 


Not possible 


Possible with 
G = 23.25 dB 


Not possible 


13 

carriers 


Possible with 
G= 19.51 dB 


Not possible 


Not possible 


Not possible 


17 

carriers 


Possible with 
G = 19.49 dB 


Not possible 


Not possible 


Not possible 


20 

carriers 


Possible with 
G= 18.89 dB 


Not possible 


Not possible 


Not possible 



TABLE 1 Microcell Link Power Budget 



4.2 Performance of FTTA systems for wireless 
broadband communications 

The performance of the optical link has been reported in terms of the 
CNR versus the optical modulation index (OMI) of the single channel. It is 
worth noting that such an analysis is similar to the one we reported in [16]. 
However, the total bandwidth, in the cases treated in the present paper, is 
quite different than in the case of CATV signal distribution: we consider 
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here, in some cases, a total bandwidth of the order of the GHz, that is quite 
larger than the one considered for CATV systems. In fact, we expect a 
greater impact of the chirping/dispersion impairment. 

In fact, figures 8-10 show the transmission performance of the system, 
in terms of the CNR versus the optical modulation index (OMI) of the single 
channel, varying several system parameters. 

A general observation of all those figures, which is worth remarking, is 
that the increasing of the signal power, directly related with the OMI, 
produce an increasing of the CNR, until non-linear distortions become 
significant, so causing an increasing of the NLD contribution to the noise 
power. This explains why there is an optimum value of the OMI, which 
allows the maximum CNR to be reached. 

The impact of the number of SCM carriers on the performance is 
depicted in figure 8, where the performance are reported for different values 
of the number of carriers, assuming a double-side bandwidth of 150 MHz for 
any single channel. In fact, it can be noticed that the CNR decreases with the 
increasing of the number of carriers. Basically, two reasons can be 
individuated for this: i) the overall bandwidth of the SCM signal increases 
and, consequently, the noise contributions grow accordingly; ii) the 
probability of clipping events (e.g. the clipping induced total distortion) 
increases when there are more carriers [16]. 

To investigate the impact of the single channel bandwidth on the system 
performance, figure 9 shows the CNR versus the OMI for three different 
values of the channel bandwidth, assuming the transmission of 20 SCM 
channels. It is evident as the increasing of the bandwidth leads to an 
increasing of the noise contributions. Moreover, the increasing of the 
bandwidth, as a whole, could generate further distortion contributions due to 
both chirping/dispersion and the effect of the resonance frequency of the 
laser. 
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OMl [dB] 



Figure 8. CNR versus the OMI, for different numbers of carriers; the RF comb starts from 

200 MHz 




OMI [dB] 



Figure 9. CNR versus the OMI, for different values of the channel bandwidth; the RF comb 

starts from 200 MHz 



In order to evaluate the effect of source chirping (in commingling with 
fiber dispersion) and of the resonance frequency of the laser on the system 
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performance, it is useful to observe figure 10. Here it is assumed to transmit 
20 carriers. It is also presumed a fiber optic link length of 30 km. Such a 
feeder length is realistic, if we consider that a control station links a certain 
number of base stations located in a geographical area. The MW signal, 
consisting of channels’ comb, is received from the antenna, and is down 
shifted near the baseband (200 MHz) in one case, and to 1 GHz in the other 
case. In both the cases the performance are evaluated either considering the 
chirping effect or not. 

By comparing the curves relating to the comb initial frequencies of 200 
MHz and 1 GHz, respectively, it is possible to observe a difference of few 
dB (3 in the worst case). This is due to the fact that, when the laser operates 
close to the resonance frequency (the relaxation oscillation frequency), 
further distortions are introduced. Therefore, the channels’ comb has to be 
placed in order to avoid this effect. 




OMI [dB] 



Figure 10. CNR versus the OMI, for different values of the start frequency and showing the 

chirping effect 

As far as the system design is concerned, it is useful to derive some 
qualitative considerations from the obtained results. For instance, since the 
required CNR values, which allow an error probability of 10-6 to be reached, 
for QPSK and for 16 QAM modulation schemes, are 13.8 and 18.8 dB, 
respectively, we could say that the considered system can transmit up to 30 
carriers, each one having a double-side bandwidth of 150 MHz. On the other 




250 



Roberto Sabella 



hand, if the 64 QAM modulation scheme is desired, the required CNR value 
of 34.8 dB pose restrictions on the number of carriers, and requires a limited 
range of value of the OMI (with 20 carriers the OMI should be in the range - 
26 -T -13 dB). This means that QPSK or 64 QAM modulations can be 
favorably adopted for this application. 

It is also to be highlighted that the impact of chirping effect is absolutely 
not negligible since, in case of long fiber optic link in the trunk (e.g. 30 km), 
it brings about a penalty of more than 13 dB, on the CNR value. 

Again, considering the required values of CNR for QPSK and 16 QAM 
modulation schemes, we could say that, in this case, just a limited range of 
values for the OMI is admissible, considering a transmission of 20 carriers 
of 150 MHz bandwidth each. 



5. DISCUSSION AND CONCLUSIONS 

The application of the hybrid approach in either mobile communication 
systems or in broadband wireless systems can be successful. 

In the analysis of mobile systems, both Rayleigh multipath fading and 
optical non-linear distortions were taken into account. The results, obtained 
with several carriers transmitted from a single source, show that, for high 
optical modulation indices, clipping effect, more than static intermodulations 
effect, diminishes the average CNR at the photodetector receiver. Therefore, 
the number of carriers allowed to be used per microcell is drastically limited 
by clipping noise: to assure a good service quality it is indispensable to 
regulate the number of carriers per microcell or employ adequate technique 
to reduce the dynamic range of the received signals. 

As far as the wireless broadband systems, the following considerations 
can be made. The rainfall attenuation is the basic limitation of the 
performance of the radio link: it introduces an outage probability. A typical 
and relevant example of FTTA system has been presented and a 
performance analysis has been achieved. In fact, in the case of small cell 
radius (300 m) the outage probability was evaluated to be acceptable, while 
in the case of large cell radius (1 km) the outage probability was too large 
for the considered applications. 

As far as the optical link is concerned, noise contributions, non-linear 
distortions and the combined effect of chirping/dispersion are the most 
limiting factors. In particular, optical non-linear distortions are basically due 
to the threshold characteristic of the laser, which gives rise to clipping effect. 
Nevertheless, other non-linear contributions, such as the non-linearity of the 
laser characteristic even above threshold or the saturation effect, are 
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intrinsically taken into account into the physical model used in the present 
analysis. 

The analysis revealed that this kind of system allows the transmission of 
some tens of broadband carriers, using two relevant modulation schemes: 
QPSKandl6QAM. 

In general, it is possible to say that a tradeoff exists between the number 
of carriers and the channel bandwidth. Furthermore, the impact of chirping 
could be significant. 

As a result, the analysis reported in this paper assesses the feasibility of 
the FTTA approach for realizing broadband services distribution systems. In 
the design of this type of systems it is necessary to consider the following 
points. 

1. Dimensioning of the radio link, in order to obtain a fixed outage 
probability. 

2. In practical systems automatic gain control circuits are required in the 
base station to compensate for the rainfall attenuation. 

3. The optical link has to be designed taking into account non-linear 
distortions contribution arising by direct modulation of a single mode laser 
source, and the chirping/dispersion contribution, especially if the feeder 
length is some tens of kilometers long. 
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